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The final goal of concrete technological  research should be the ful l  
understanding how concrete is inf luenced by  processing parameters ,  
how the structure & its properties are formed and evolve & how 
concrete degrades in time by aging or external factors . With this 
knowledge it should be possible to make concrete in a fully automated 
plant and enable us to make an accurate prediction of the properties of  
a fresh and hardened mixture as well as its durability . Unfortunately,  
this is currently not possible.  In order to obtain an automated concrete 
plant, the inf luence of dif ferent mixing  procedures and mixer types on 
cementitious materials  should be better understood.  One of the 
parameters is the uncontrollable air inlet during concrete mixing, 
leading to undesirable f luctuations in the properties  of fresh and 
hardened concrete . In this context the Magnel Laboratory for Concrete 
Research purchased two vacu um mixers. The latter makes it possible to 
produce concrete in a shorter time which becomes very interesting 
considering the development of more advanced concrete types as self -
compacting concrete and  ultra-high performance mortar . Besides this it  
enables to limit the amount of air that gets entrapped during mixing.  
This is accomplished by connecting the mixer to a vacuum pump, which 
reduces the pressure inside the mixing pan from 1013 mbar to 50 mbar.  
The effect of this new technique on the properties of fresh and hardened 
cementitious material  is investigated in this thesis.  
Selection of mixing procedure and concrete type. In a first step three 
different mortar technologies were tested on the ir increase in 
compressive strength by vacuum mixing. The air content reduction led 
to a strength increase of 1.8 MPa in case of self -compacting mortar, 3.7  
MPa in case of traditional vibrated mortar and 12.9 MPa for ultra -high 
performance mortar. As the latter showed the highest potential the main 
part of the thesis wi ll focus on this technology.  In order to produce 
fresh ultra-high performance mortar in an acceptable mixing time a  
procedure was elaborated based on the power consumption  during 
mixing.  This led to an intensive mixing phase of 2 .5 minutes and a slow 
mixing phase of 2 minutes.  
How to produce a good UHPC. As little is know in Belgium on the 
production of ultra-high performance mortar (UHPC), t he basic 
principles are investigated and summarized in this thesis.  A first step 
consists in reducing the voids betwe en individual particles as much as 
possible. Therefore the ideal volume fractions of fine and coarse 
aggregates are determined with packing models. In the same context,  
quartz fi l ler and silica fume are  added to fil l  the interstices between the 
cement particles. Again packing models are used to calculate the best 
volume ratios. However,  due to the fineness of  the powders the 
determination of the packing density is made more complex by extra 
surface forces. Furthermore, i t is demonstrated  that the determination 
of the particle size distribution plays a major role in the agreement 
between model and experiments.  A second step is reducing the water -
to-binder ratio down to 0 .2. Consequently it  is  important that the total 
amount of mixing water first contribute to  the workability and later to 
the hydration process. In order to accomplish this , a compatible  
superplasticizer and binder system (cement and sil ica fume) has to be 
chosen. Important is the ratio of alkali sulfate-to-C3 A ratio and the total  
specific surface of  C3A of the selected cement; the carbon content,  
reactivity and form of the silica fume;  the sulfate sensitivity and slump 
life provided by the superplasticizer. The previous steps will lead to a  
matrix with a very high performance. In order to prevent  that the 
aggregates become the weak spot, a suitable aggregate strength class 
should be selected.  In this thesis good results were obtained with basalt  
and porphyry.  
Comparison between techniques altering the pore structure of 
(U)HPC. In order to explain the impact of vacuum mixing on the 
properties of fresh and hardened cementitious material ,  the change in  
pore structure is  investigated.  This is compared with the effect of air  
entrainment often used to increase the freeze -thaw resistance of  
concrete and a  heat treatment commonly applied in precast industry to 
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demould specimens earlier. As mercury intrusion porosimetry is  a wide 
spread technique to investigate the por osity and provides information 
over a wide pore size range it was performed in a first step . However, as 
this technique has been criticized in literature because i t does not 
deliver a correct pore size distribution other techniques as air void 
analsysis, f luorescence microscopy, microfocus X -ray CT, environmental 
scanning electron microscopy and  sorption isotherms are also done to 
give a second interpretation of  the pore size distribution.  
It was seen that vacuum mixing only influences the air bubbles and lead 
to a reduction between 1.2% and 3.3% depending on the composition of 
the ultra-high performance mortar.  No change in the amount of  capillary 
or gels pores was registered. The same region was influenced by the 
addition of entrained air bubbles. From an addition of 0.66% of the 
cement mass a dominant bubble size of 80 µm was measured by air vo id 
analysis and computed tomography. The heat treatment led the 
formation of more dense CSH. This phenomenon was captured by water 
vapor sorption isotherms which registered a shift in the critical gel pore 
diameter from 6 nm (not heat treated) to 4 .5 nm (h eat treated).  
When the pore size distribution obtained with mercury intrusion 
porosimetry is compared with the distribution obtained  by combining 
the results of microfocus X -ray CT,  environmental scanning electron 
microscope and water vapor sorption isotherms some interesting 
conclusions are found. First i t is shown that mercury  porosimetry 
underestimates the amount of larger pores. Secondly, the test setup of  
MIP in this thesis is  not able to determine the critical pore diameter of  
most specimens, for this  water vapor isotherms are necessary.  
A special procedure is elaborated to determine a 3D - spacing factor 
from the results of the microfocus X -ray CT. This value represents the 
95 t h  percentile of the paste -void spacing. It was indicated that the 2D –  
spacing factor determined with an air  void analyzer and commonly used 
to quantify the resi stance against freeze-thaw cycles with and without 
deicing salts is a conservative measurement of the air void spacing for 
mixtures with a higher air content. In contrary , the spacing factor is  
smaller than the 95 t h  percentile of the paste-void distribution in case of  
mixtures characterized by a lower air content.  
Despite the fact that too little thin sections were made to obtain a  
quantitative estimation of the effect of vacuum mixing and air  
entrainment. The results of f luorescence microscopy indicate the 
presence of air bubbles in the bulk of the specimen. This implies that 
the weight of the ultra -high performance mortar above the air bubble is  
not supported by the granular framework developed by the aggregates 
as stated by other authors. Consequently, a reduction in entrapped air  
can have an influence on the workability and rheology of UHPC.  
Influence of air on the mechanical properties of (U)HPC. A change in  
pore size distribution of cementitious materials has an important 
impact on their hardened properties . By reducing the amount of air  
bubbles with a vacuum mixer the mechanical performance of UHPC is 
improved. For the compressive strength an average gain is obtained 
between 7% and 22%. In case of the bending tensile strength a  
maximum increase of 17% is determined. As for the splitting tensile  
strength the increase is situated between 3% and 22%.  Furthermore, a  
reduced air content leads to a stiffer ultra -high performance mortar. It  
is determined that the modulus of elasticity increases with maximum 
8%. 
By increasing the amount of air bubbles from 1.2% to 17% due to a  
proper air entraining agent, the compressive strength decreases from 89 
MPa to 45 MPa and the bending t ensile strength decreases from 11 MPa 
to 7 MPa.  
In this project, a reasonable correlation between the compressive 
strength and the solid concentration of the UHPC mixtures is found. As 
for the bending tensile strength the best correlation is found with the  
total air content in the failure surface. This was true for both UHPC 
mixtures as for the HPC mixture.  
The effectiveness of vacuum mixing depends on the workability and thus 
the initial air  content at atmospheric pressure. A low slump f low lead s 
to a higher amount of entrapped air and a higher potential for vacuum 
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mixing. Furthermore, the strength level also plays a major role in the 
impact of an air content reduction on the compressive strength of UHPC . 
Especially  for the compressive strength the vacuum t echnology cannot 
fully replace a heat treatment. In case of the splitting tensile strength 
and the Young’s modulus the difference in increase between both 
techniques becomes smaller. By combining vacuum mixing, the use of  
small fibers, a combination of a s team curing at 90°C for 48h and an air 
curing at 250°C for 48h a maximal compressive strength of 347 MPa was 
registered in this thesis.  
However, at this stage  the vacuum technology is not as effective in large 
volume concrete mixers as it is for small volu me mixers. Further 
research is necessary to improve the technology so that it can be 
applied in practice . Nevertheless, a longer mixing time will be necessary 
for larger concrete volumes. Consequently, a consideration has to be 
made between the gain in str ength and the additional mixing time. 
Depending on the outcome vacuum mixing can be taken in 
consideration.  
Influence of air on the workability & rheology of cementitious 
materials. The presence of air bubbles in the fresh state changes the 
workability and the rheology of cementitious materials. Different as for 
the mechanical performance vacuum mixing also has a significant 
impact on traditional vibrated mortar and self -compacting mortar as no 
vibration is applied or the rising of air bubbles to the surface under the 
gravity force has not yet taken place. Therefore, the influence of air  
bubbles on the workability and rheology is tested on three technologies:  
ultra-high performance mortar, self -compacting mortar & traditional 
vibrated mortar and two types: mortar and paste .  
The discussion of the results is done based on the capillary number 
which gives the ratio of  the applied shear stress to the prevailing 
surface tension between the air bubble and the surrounding paste. In  
case of fluid mixtures such as pas tes and self-compacting mortar, air  
bubbles act as obstacles and thereby decrease the fluidity. The shear 
stresses in the rheometer or the workability test are too low to 
overcome the surface tension , a capillary number smaller than one is 
obtained. Thus increasing the amount of air bubbles lead to a higher 
yield value and viscosity , a lower slump f low and a higher V -funnel time. 
In case of more stiff  mixtures such as traditional vibrated mortar and 
ultra-high performance mortar, the air bubbles deform unde r the 
applied shear stresses  and a capillary number higher than one is 
calculated. Increasing the amount of air bubbles lead to an improved 
rheology and workability. The importance of the lubricating effect of the 
air bubbles around the aggregates in firm mixtures also contribute to 
the better results.  
For UHPC the use of a sensitive workability test is very important . It is  
demonstrated that the diameter obtained with the  mini-slump flow test 
was insensitive for the variations in entrapped air content. By 
increasing the dynamics effects by additional energy and thus activating 
the air bubbles, the impact of an air content reduction is better 
observed.  
In case of  air entrainment it is shown that the entrained air bubbles and 
not the polymer itself  change the  plastic viscosity of  the self -compacting 
mortar. Furthermore, both entrapped and entrained air bubbles 
increase the viscosity of  the mixture. Consequently,  the viscosity could 
be better controlled or even reduced in self -compacting mortar if  they 
are mixed under almost vacuum conditions.  
In this work a one-to-one correlation between the slump flow and the 
yield value was not found over the whole range of measured yield 
values. Fundamentally , air  bubbles are able to deform or act as obstacle 
depending on the shear stresses (yield value and plastic viscosity)  
acting during the slump flow. The dynamic effects of the slump flow are 
not to be neglected. This is the main reason why a pure shear flow 
model failed to predict the results without a large scatter, na mely both 
yield value and plastic viscosity are of importance.  
To overcome this inconvenience the author of the thesis advises to 
predict the rheological  parameters based on the properties of the raw 
constituents and the mix design. In this approach, one o f the key 
elements is the packing density of the granular skeleton. At this point,  
water demand tests to determine this parameter for fine powders 
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neglect the effect of entrapped air.  Consequently, the packing density 
obtained from a water demand test will  be higher than the real packing 
density that takes into account the  amount of entrapped air . In case wet 
packing density tests are able to be performed under almost vacuum 
conditions (50 mbar), the minimum water demand following from these 
tests will be a lmost similar to the minimum void ratio.  Consequently,  
this will lead to a better a priori determination of the rheological  
parameters in case the mixtures are made under almost vacuum 
conditions.  
In conclusion, vacuü m mixing can contribute to a better pre diction of  
the fresh and hardened properties of cementitious materials and in case 








Het eind doel van betontechnologisch onderzoek zou het volgende 
moeten omvatten: inzicht hoe beton beïnvloed wordt door productie  
parameters, hoe de structuur en de gerelateerde eigenschappen 
ontwikkelen en een fundamenteel begrip hoe dit materia al degradeert in 
de tijd en door externe factoren.  Deze kennis zou de betontechnolo og in 
staat moeten stellen om een volledig geautomatiseerde productie site te  
ontwikkelen en een nauwkeurige voorspelling te maken van de 
eigenschappen van het verse en verharde beton alsook de duurzaamheid 
ervan.  
Dit is echter niet mogelijk  de dag van vandaag. Om een 
geautomatiseerde betonproductie te kunnen ontwikkelen dient de 
invloed van verschillende mengparameters en type mengers beter 
begrepen te worden. Een belangrijke parameter hierin is de 
ongecontroleerde luchttoevoer in het verse beton tijdens h et 
mengproces. Dit is ongewenst omdat het kan leiden tot niet voorziene 
variaties in de kwaliteit van het eindproduct. Om de impact van lucht in 
beton te kunnen onderzoeken werden aan het laboratorium Magnel voor 
betononderzoek twee intensieve vacuüm mengers aangekocht. Door het 
intensieve mengproces is het mogelijk om meer geavanceerde 
betontypes zoals zelfverdichtend beton en ultrahoge sterkte mortel  
(UHSB) in een kortere tijdsspanne te produceren.  Daarnaast stelt  
dergelijke menger de onderzoeker in  staat  om het luchtgehalte,  
ingesloten in het verse beton,  te beperken. Dit  is verwezenli jkt door de 
menger aan te sluiten op een vacuüm pomp, die de luchtdruk in de 
mengpan verlaagt van 1013 mbar naar 50 mbar. De invloed van deze 
reductie op de eigenschappen van vers en verharde cementgebonden 
materialen zal in deze thesis besproken worden.  
Selectie van de mengprocedure en het betontype. In eerste instantie  
worden drie verschillende mortel types getest op hun winst in 
druksterkte na vacuüm mengen. De verminderin g in luchtgehalte  leidt 
tot een winst van 1.8 MPa voor zelfverdichtende mortel , 3 .7 MPa voor 
traditionele mortel en 12.9 MPa voor ultrahoge sterkte mortel . Vermits 
het laatste type het hoogste potentieel vertoont, zal  de focus van deze 
thesis voornamelijk gericht zijn op dit type. Om ultrahoge sterkte 
mortel  in een aanvaardbare tijd  te  produceren werd een mengprocedure 
opgesteld door het energieverbruik tijdens het mengen te monitoren. Op 
basis van deze resultaten werd een intensieve mengfase van 2.5 minute n 
en een trage mengfase van 2 minuten voorgesteld.  
Hoe wordt een goed UHS B gemaakt?  In België is op dit moment weinig 
kennis over het vervaardigen van ultrahoge sterkte mortel. Daarom 
worden de basisprincipes samengevat in dit  werk.  In eerste instantie  
dienen de holtes tussen alle deeltjes gereduceerd te worden  in de mate 
van het mogelijke . Hiervoor worden de ideale volumefracties van fijne 
en grove granulaten bepaald m.b.v . een pakkingsmodel. In dezelfde 
context wordt naast cement ook kwartsmeel en silica fume toegevoegd. 
De laatste twee zullen de kleine holtes tussen de cementkorrels 
opvullen. Opnieuw worden pakkingsmodellen gebruikt om de ideale  
volumefracties te bepalen. Dit  laatste gaat echter gepaard met enkele 
praktische problemen. De fij nheid van de poeders bemoeilijkt  de 
bepaling van deze parameters door de aanwezigheid van 
oppervlaktekrachten. Daarnaast is de overeenkomst van dergeli jk model 
met de experimentele resultaten sterk afhankelijk van de ingevoerde 
deeltjesgrootteverdeling.  In een tweede s tap wordt de water tot 
bindmiddel fractie verlaagd naar 0.2. Door de beperkte hoeveelheid 
water is het belangrijk dat het totale volume initieel gebruikt kan 
worden om de verwerkbaarheid te vri jwaren en pas in later e instantie  
deelneemt in het hydratatie p roces. Om dit te verwezenlijken dient een 
compatibele  superplastif iceerder en cement/silica fume systeem 
gekozen te worden. Hierin is het belangrijk dat een cement geselecteerd 
wordt met een goede alkali -sulfaat tot C3A balans en een gepaste C3A 
specifieke oppervlakte . Omtrent het silica fume is het belangrijk te 
kijken naar het koolstof gehalte, de reactiviteit en de vorm van de 
deeltjes. Het effect van de superplastificeerder dient zo min mogeli jk 
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beïnvloed te worden door een verandering in sulfaat gehalte en dient 
een aanvaardbare tijdsspanne te voorzien met een goede 
verwerkbaarheid. De vorige stappen geven aanleiding tot een matrix 
met hoge sterkte. Om te vermijden dat de granulaten de zwakste schakel  
worden, dienen deze uit  een overeenkomstige sterktek lasse gekozen te  
worden. In dit werk werden goede resultaten bekomen met basalt en 
porfier.  
Vergelijking van verschillende technieken die de poriestructuur 
veranderen. Om de invloed van vacuüm mengen op de eigenschappen 
van verse en verharde cementgebonden materialen te  kunnen verklaren,  
dient de poriedistributie  te worden onderzocht. Het effect wordt tevens 
vergeleken met de invloed van luchbelvormer en een 
warmtebehandeling. Het eerste wordt vaak toegepast om de vriesdooi  
weerstand van beton te verhogen. De laatste techniek is gebruikelijk in 
de prefab industrie om constructie elementen vroegtijdig te ontkisten.  
Kwikporosimetrie is  een wijdverspreide techniek o m de poriedistributie  
te onderzoeken en is daarom als eerste meting uitgevoerd . Een voordeel 
van deze resultaten is de  informatie over de verdeling van een groot 
percentage van de aanwezige poriën in het beton. Daartegenover staat 
dat onderzoekers de correctheid van deze verdeling vaak in vraag 
stellen. Om een tweede interpretatie te verkrijgen, werd en extra 
proeven uitgevoerd met een luchtholte meter, f luorescentie  
microscopie , microfocus X-stralen tomografie , e lektronen microscopie 
en sorptie isothermen.  
Uit deze tweede proefreeks bleek dat het gehalte luchtbellen door 
vacuum mengen vermindert met 1 .2% tot 3.3% afhankelijk van de 
samenstelling van de ultrahoge sterkte mortel. Er werd geen 
verandering in het gehalte capillaire en gel poriën opgemeten. Dezel fde 
poriegrootte werd beïnvloed  door de toevoeging van luchtbelvormer.  
Vanaf 0.66% van de cement massa werd een dominante poriegrootte van 
80 µm in het proefstuk gemeten door de luchtholte meter en de CT -
scanner. De warmtebehandeling gaf aanleiding tot CSH  met een dichtere 
pakking. Dit fenomeen werd duidelijk vastgesteld door de waterdamp 
sorptie isothermen waarmee een verschuiving van de kritieke gel porie 
diameter van 6 nm (niet warmte behandeld) naar 4.5 nm (warmte 
behandeld) werd opgemeten.  
Enkele interessante conclusies kunnen getrokken worden uit de 
vergelijking van de porieverdeling verkregen me t kwikporosimetrie en 
door de combinatie van de resultaten uit de microfocus X-stralen 
tomografie , de elektronen microscoop en de waterdamp sorptie 
isothermen. Ten eerste is het duidelijk dat kwikporosimetrie de 
hoeveelheid grotere poriën sterk onderschat.  Ten tweede is de 
gebruikte test setup van de kwikporosimeter niet in  staat om de kritieke 
porie diameter van de meeste proefstukken te bepalen. Hiervoor zijn 
testen met waterdamp sorptie isot hermen nodig.  
Met behulp van een CT-scanner was he t mogelijk om een 
driedimensiona le afstandsfactor te  bepalen. Deze waarde komt over een 
met het 95 s t e  percentiel  van de pasta -poriën distributie  van het 
proefstuk. Met deze resultaten kon aangetoond worden dat de 
tweedimensionele afstandfactor bepaald via een luchtholte meter en 
belangrijk in de bepaling van de vriesdooi  weerstan d van 
cementgebonden materialen een overschatting is van de werkelijke 
afstandfactor in geval van samenstellingen met een hoog luchtgehalte .  
In tegenstelling, is de afstandfactor kleiner dan het 9 5 st e  percentiel van 
de pasta-poriën distributie voor samenstellingen met een laag 
luchtgehalte.  
Doordat een beperkt aantal secties voor f luorescentie microscopie 
werden gemaakt,  kon het effect van vacuü m mengen (ingesloten 
luchtbellen) en luchtbelvormer ni et gekwantificeerd worden d.m.v. deze 
techniek. Toch konden de resultaten aantonen dat de ingesloten 
luchtbellen willekeurig in de cementpasta van het proefstuk zaten en 
niet noodzakkelijk onder de granulaten. Dit betekent dat het gewicht 
van de ultrahoge sterkte mortel boven de luchtbel niet gedragen wordt 
door de granulaten zoals aangenomen werd door andere auteurs.  
Bijgevolg kan een vermindering van het gehalte ingesloten lucht leiden 
tot een verandering in verwerkbaarheid en reologie van UHSB.  
Invloed van lucht op de eigenschappen van verharde (U)HSB.  Een 
verandering van de poriedistributie hee ft een belangrijke impact op de  
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eigenschappen van verharde cementgebonden materialen. Door het 
gehalte aan ingesloten lucht te verminderen m.b.v . een vacuüm menger  
kan de sterkte van UHSB verhoogd worden. Zo werd in dit werk een 
stijging tussen 7% en 22% gevonden voor de druksterkte . De 
buigtreksterkte steeg met een maximum van 17% en de toename van 
splijttreksterkte was gesitueerd tussen 3% en 22%. Daarnaast gaf de ze 
vermindering aanleiding tot een stijver materiaal . De 
elasticiteitsmodululs steeg met een maximum van 8%.  
Daartegenover werd een daling van de druksterkte geregistreed van 89 
MPa naar 45 MPa en van de buigtreksterkte van 11 MPa naar 7 MPa 
wanneer luchtbelvormer werd toegevoegd  en het verse luchtgehalte  
toenam van 1.2% tot 17%. 
Het werk toont ook aan dat er een goed verband bestaat tussen de 
druksterkte en de concentratie vaste deeltjes in de verschillende UHSB 
mengsels. Met betrekking tot de buigtrekster kte werd een duidelijke 
link met het luchtgehalte  in het breukvlak gevonden. Dit laatste  werd 
zowel voor ultrahoge sterkte mortel  als voor hoge sterkte mortel  
vastgesteld.  
De sterktewinst door vacuüm mengen hangt sterk af van de 
verwerkbaarheid van het me ngsel en dus ook van het intitieel  
luchtgehalte bi j  atmosferische druk.  Een lage verwerkbaarheid geeft  
aanleiding tot meer ingesloten lucht bellen en dus een hoger potentieel  
voor vacuüm mengen. Daarnaast speelt het sterkte niveau ook een grote 
rol . Bij  een hogere intitiële sterkte onder atmosferische druk zal een 
vermindering in luchtgehalte sterker gevoeld worden.  
De vacuüm technologie is  echter niet in  staat om de sterktewinst ten 
gevolge van een warmtebehandeling volledig te vervangen m.b.t .  tot de 
druksterkte. Voor de spli jttrekstrekte en de elasticiteitsmodulus kan de 
technologie een goed alternatief vormen, aangezien een geli jkaardige 
stijging door beide technologi eën werd vastgesteld. Wanneer vacuüm 
mengen gecombineerd wordt met de toevoeging van kle ine vezels en de 
mortel blootgesteld wordt aan een stoom behandeling aan 90°C voor 
48u gevolgd door een lucht behandeling aan 250°C voor 48u, werd een 
sterkte van 347 MPa bekomen.  
Uit dit werk is gebleken dat de vacuüm technologie niet even effectief  
werkt in een menger met een capaciteit  van 75 liter t .o .v.  een menger 
met een capaciteit  van 5 lite r . In prakti jk zal een langere meng - en 
vacuümtijd nodig zijn voor de grotere betonvolumes. In dit opzicht is  
belangrijk een overweging te maken tussen de sterkt ewinst en de extra 
mengtijd.  Afhankeli jk van de ui tkomst kan vacuüm mengen in af weging 
genomen worden.  
Invloed van lucht op de verwerkbaarheid en reologie van 
cementgebonden materialen.  De aanwezigheid van luchtbellen in de 
verse toestand verandert de ver werkbaarheid en reologie van 
cementgebonden materialen. Anders dan voor verharde mortel heeft 
vacuüm mengen een meer uitgesproken impact op  verse traditionele 
mortel en zelfverdichtende mortel . Dit  komt omdat er nog geen 
verdichtingsenergie is toegevoegd o f omdat de luchtbellen geen tijd  
hebben gehad om naar de  oppervlakte te stijgen en te ontsnappen. Dit  is  
de reden waarom de invloed van luchtbellen op de verwerkbaarheid en 
reologie getest werd op drie technologiën: ultrahoge sterkte mortel,  
zelfverdichtende mortel en traditionele mortel en op twee types,  
namelijk pasta en mortel .  
De bespreking van de resultaten werd gedaan m.b.v . het capi llair  getal .  
Dit getal  geeft de verhouding weer van de he ersende schuif spanningen 
t.o .v . de oppervlaktespanning tussen d e luchtbellen en de pasta.  
Wanneer vloeibare mengsels bestudeerd worden zoals pasta en 
zelfverdichtende mortel vormen luchtbellen obstakels en bemoeilijken 
ze het vloeigedrag. De schuifspanning opgelegd door de reometer of de 
verwerkbaarheidstest is te laa g om de oppervlakte spanning op te  
heffen, hierdoor werd een capil lair getal kleiner dan 1 bekomen. 
Bijgevolg leidt een stijging van het luchtgehalte tot een hogere 
vloeigrens en viscositeit alsook tot een kleinere spreiding en hogere V -
funnel tijd . Wanneer  stijvere mengsels beproefd worden zoals 
traditionele mortel en ultrahoge sterke mortel zijn de luchtbellen in  
staat om te vervormen onder de aangelegde schuif spanning. In dit geval 
werd een capil lair getal  groter dan 1 ge vonden. Een toename in 
luchgehalte zorgt in dit geval voor een verbetering van de 
verwerkbaarheid en reologie . Daarnaast werd deze verbetering 
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bevorderd door het smerend effect van de luchtbellen tijdens de 
contacten van de granulaten waardoor minder wrijving ontstond.  
Wanneer ultrahoge sterkte mortel  getest wordt op zi jn verwerkbaarheid 
is het belangrijk een aangepaste test te selecteren. In dit  werk was de  
spreiding bepaald met een mini -slump flow ongevoelig voor een 
verandering in het gehalte ingesloten lucht. Door het aandeel van de 
dynamische effecten te verhogen d.m.v. extra energie werden de 
luchtbellen geactiveerd en werd de bovengenoemde verbetering 
duidelijker zichtbaar.  
Door luchtbelvormer toe te voegen steeg de viscositeit van de 
zelfverdichtende mortel door de luchtbellen zelf  en niet door het 
polymeer. Daarnaast vermindert de v iscositeit wanneer het gehalte  
ingesloten lucht daalt .  Bijgevolg kan door vacuüm mengen de viscositeit  
van zelfverdichtende mortel  beter gecontroleerd worden en zelf s 
verminderd.  
De auteur van dit werk w as niet in staat om een algemene één -op-één 
relatie  te vinden tussen de spreid ing en de vloeigrens.  Fundamenteel 
zullen luchtbellen vervormen of als obstakel fungeren afhankelijk van 
de schuifspanningen inwerkend gedurende de verwerkbaarheidstest 
(vloeigrens en viscositeit) . Dit betekent dat de dynamische effecten die 
tijdens de test optreden niet mogen verwaarloost worden. Dit is dan ook 
dehoofdoorzaak waarom een puur afschuivingsmodel faalt in de 
voorspelling van de resultaten zonder een grote spreiding. Zowel de 
vloeigrens als de plastische viscositeit beïnvloeden de resultaten.  
Om dit ongemak te omzeilen, raad t de auteur van dit werk aan om de 
reologische parameters te bepalen o.b.v.  de eigenschappen van de 
gebruikte grondstoffen en de samenstelling. Wan neer dergelijke 
methode gehanteerd wordt, moet een goede inschatting kunnen gemaakt 
worden van de pakkingsdichtheid van het granulair materiaal. Op dit 
moment wordt de pakking van poed ers a .d.h.v . waterbehoefte testen  
bepaald, dewelke de invloed van ingesl oten lucht verwaarlozen.  
Bijgevolg zal de pakking bepaald via deze testen hoger ingeschat 
worden dan de echte pakking die wel rekening houdt met het gehalte  
ingesloten lucht. In geval een waterbehoefte test onder verlaagde 
luchtdruk (50 mbar) kan uitgevoer d worden, zal  deze waarde goed 
overeenstemmen met de werkelijke pakking. Bijgevolg zal dit leiden tot 
een betere voorspelling van de reologische eigenschappen van mengsels 
die ook onder een verlaagde luchtdruk zijn gemaakt.  
Om te beslui ten kan gesteld word en dat vacuüm mengen kan bijdragen 
tot een betere voorspelling van de eigenschappen van verse en verharde  
cementgebonden materialen en voor ultrahoge sterkte mortel  een 
sterktewinst kan opleveren.  
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1.1. Research significance 
Concrete is a heterogeneous composite, consisting of water, cement,  
aggregates,  additions, admixtures and air.  The first four components can 
be dosed quite accurately. Based on an idealized curve or an 
optimization of  the packing density , the solid skeleton can be fi xed.  
Depending on the environmental class a maximum water -to-cement 
ratio and minimum cement content can also be determined (NBN EN 
206-1: 2001). If  a self-compacting concrete or a higher workability  is  
desired a superplasticizer can be  used. In this case,  the dosage is often 
evaluated by preliminary tests. In conclusion, all  previous components 
are fixed and controllable . In contrary, air bubbles are uncontrollable .  
During the mixing process, air is undesirably entrapped in the concrete 
mass.  Depending on the rheology of  the concrete ,  the air  is  able  to 
escape during the first minutes after mixing. The final air void content 
and spacing factor is influenced by a vast number of parameters.  In 
order to control and predict this  air content a priori, it is nece ssary to 
know, how air bubbles are entrapped during the mixing process,  how 
they rise during workability tests and how they dissolve or coalesce.  
Unfortunately,  such a prediction is currently not possib le and in fact 
very difficult.  Thus , the amount of  air  bubbles can only be quantified 
after the concrete is made. Consequently , the undesirable inlet of air  
bubbles can alter the predicted fresh and hardened properties in an 
important way . For example, a ir bubbles can lower the durability of  
concrete against the ingress of chemical agents or  change the resistance 
against freeze-thaw cycles. Depending on the shear stresses air bubbles  
can increase or decrease the viscosity and yield value of the fresh 
concrete. Their presence  also increases the critical  flaw le ngth, which 
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influences the tensile strength  of the concrete .  Furthermore, the 
presence of air bubbles gives the structure a typical appearance which 
is not always desired by the architect. A possible way to decrease  the 
impact of air  bubbles on the propert ies of  concrete is by mixing under a  
reduced air  pressure in the mixing pan . Some earlier work  from the 
National Bureau of Standards in Washington D.C. ,  reported an increase 
of the flexural strength of traditional vibrated mortar by decreasing the 
maximum void size . In their investigation a vacuum chamber reduced 
the pressure from 1014 mbar to 800 mbar  (Knab, L.I . ,  1983) . Another 
research team at Vicksburg, Mississippi, equipped a  drum mixer with a 
vacuum pump (Tynes, W.O. , 1967) . During mixing the pressure  was 
reduced from 1014 mbar to 630 mbar. From their study, they concluded 
that vacuum mixing had no beneficial effect on traditional vibrated 
concrete. More recent work, by (Schachinger, I . ,  2004) reported an 
increase from 150 to 230 MPa  for an UHPC mixture made at a pressure 
of 1013 mbar and 50 mbar . This was confirmed at the center of building 
materials in Munich  (Mazanec, O. ,  2008a), where an increase in 
compressive strength from 175 MPa to 250 MPa at 28 days for one UHPC 
mixture was obtained.  (Kirnbauer , J .  2014), (Voit,  K. ,  2014) checked the 
effect of vacuum mixing in combination with different curing ways.  By 
reducing the air pressure from 1013 mbar to 60 mbar, they found some  
contradicting results The first author reported an increase of 38% in 
compressive strength, the latter did not find a positive effect for both 
non-fibred and fibred UHPC mixtures.  In order to validate this data and 
perform more in depth research  on the influence of  this technique , a 5  
liter and 75 liter  vacuum mixer with inclined mixing pan, were installed 
at the Magnel Laboratory for Concrete Research  funded by the Hercules 
Foundation in Flanders .  Figure 1- 1 and Figure 1- 2 give a 
representation of the mixers as they are installed  in the laboratory.  
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Figure 1- 1: A 5 liter vacuum mixer with inclined mixing pan. A: the pin-agitator; B: the 
vacuum pump; C: mixing pan and outer protection ring. 
 
Figure 1- 2 A 75 liter vacuum mixer with inclined mixing pan. A: discharge bucket; B: 
pin-agitator; C: filter to increase the pressure stepwise; D: connection pipe to the 
dedusting machine; E: connection pipe to the vacuum pump; F: automatic water 
balancing system. 
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These mixers will be used to investigate the possible advantages of 
controlling the air content by vacuum mixing and try to give an answer 
on the following questions:  
1. In which way are the mechanical properties of cementitious 
materials inf luenced by vacuum mixing?  
2. Is it  possible to reduce the variability  of the mechanical properties 
and the results of the hardened air content?  
3. What is the effect of an air content reduction on the pore structure 
of UHPC and which pore sizes are changed compared t o other 
techniques as a heat treatment or air entrainment.  
4. What is the impact of a reduced air content on the workability of  
cementitious materials?  
In the last three chapters the data on the inf luence of air on the pore 
structure, the mechanical performan ce and the workability is extended 
by making high-performance mixtures with air  entrainment.  The 
variation in both entrapped and entrained air,  enables the author to 
cover a large range of air contents. A heat curing is used as a third 
technique to complete the dataset, mainly for adapting the pore 
structure and the mechanical performance of UHPC.  
1.2. Vacuum mixing in a broader frame 
The general context of this research is the profound interest of the 
concrete industry in a more automated production process Figure 1- 3.  
A first important step is the material selection. This is most of the time 
based on practical and economic considerations. A good quality control 
and dosage is  necessary to produce a constant mix design that fulfil ls  
the predefined properties  of fresh and hardened concrete . Secondly, the 
mixing process can change the final product in a significant way.  
Temperature,  mixing speed, mixing time, relative humidity, mixing 
pressure, sequence of material addition , all these parameters can have 
an impact. They can change the chemical process that starts 
immediately after the addition of water ( Takahashi , K. ,  2011), (Juil land,  
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P., 2012), a lter the packing of the different components, inf luence the 
workability and thus the ease to fi ll  a  formwork.  An overview of the 
influence of  different mixing parameters on the properties of fresh and 
hardened cementitious materials is given in (Dils , J . ,  2012a). Once the 
mixing process is finished, the fresh concrete is poured in to containers 
and transported to moulds. An alternative for this process is the 
pumping of fresh concrete , which has the advantage of maintaining a 
closed circuit . As this process alters the rheology and the air content of 
the suspension , research has been performed on self-compacting 
concrete by (Feys, D. ,  2009) to elucidate the interaction between the 
rheological properties and the pumping of self -compacting concrete .  
After transport, the fresh concrete is pumped in to the formwork, w here 
the flow pattern changes from a one dimensional flow to a three 
dimensional flow. In case the self-compacting concrete is pumped from 
the bottom up, the pressure  during the fil ling process on the formwork 
will be higher than the hydrostatic pressure.  Furthermore, the 
thixotropic behavior of the fresh concrete also influences its state 
during the fi lling process. All these phenomena are been studied by 
(Tichko, S . ,  2010). Besides this, the formation of a slip layer during the 
pumping process and its influence on the process ha s been investigated 
by (Le,  H.D. ,  2012). After the fresh concrete has been pumped into the 
formwork, the hydration process start s and a percolation structure is  
formed. At this time, i t is advisable to monitor the mechanical  
performance and durability  in order to be sure the predefined 
properties are attained . This as well in the storage facility as on site 
during the lifecycle of the structure. A next and final step in the circuit 
is the recycling of the old concrete as aggregate or cement for new 
structural elements. The latter is investigated in (De Schepper, M.,  
2013). 
This project will mainly focus on the inf luence of the mixing pressure in 
order to obtain more ins ight in the inf luence of  the mixing process.  The 
research was performed in the framework o f the research project 
“Fundamental study of the influence of vacuum mixing on the properties 
of cementitious materials”  funded by the Fund for  Research in Flanders .  
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Figure 1- 3: Schematic representation of a fully automated concrete plant. 
1.3. Outlook of this thesis 
This thesis will examine the effect of entrained and entrapped air  on the 
properties of cementitious materials  in its various stages , Figure 1- 4 . 
Preliminary, it is checked fo r which type of mortar vacuum mixing has 
the largest impact. As will be shown, the technique gives the most 
promising results for  ultra-high performance mixtures (UHPC) . As 
Belgium has little knowledge on the production o f these mixtures, an in 
depth study is included in CHAPTER 3.  
In CHAPTER 4, the impact of vacuum mixing on the microstructure will  
be examined. Several techniques with a different measuring range are 
used and compared. The data from mercury intrusion porosimetry 
(MIP),  computed tomography (CT), f luorescence microscopy,  
environmental scanning electron microscopy (ESEM) , air void analysis 
(AVA) and sorption isotherms with N 2  and H2O as absorbents will ena ble  
us to get a clear picture on the pore structure of the examined 
specimens.  This new way of altering the pore structure will  also be 
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compared with the effect of a heat treatment and air entraining agent 
(AEA).  
In CHAPTER 5, the effect of  vacuum mixing on the mechanical 
performance of UHPC will  be investigated. It will be demonstrated that 
the compressive and tensile strength as well as the Young’s modulus 
gain profit from this technique. Furthermore, i t is che cked whether an 
air content reduction  can fully replace a heat treatment or not.  
In CHAPTER 6 the inf luence of entrapped and entrained air bubbles on 
the rheology and workability of cementitious materials will  b e 
examined. Different as for the hardened properties, the fresh properties 
are changed by air for three different technologies, traditional vibrated 
mortar, self-compacting mortar and ultra -high performance mortar . In 
this chapter tests on two different le vels, paste and mortar , will be 
performed.  
The f inal CHAPTER 7 will  conclude and give some perspectives for 
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Figure 1- 4: Scheme of the connection between the PhD chapters. 
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CHAPTER 2. SELECTION OF 
MIXING PROCEDURE AND 
CONCRETE TYPE 
 
In a first section of this chapter a suitable mixing process for the 
different concrete types investigated in the preliminary tests of this 
thesis, will be elaborated.  Based on the mix design of these concretes a  
mortar is derived. Next the influence of a redu ced mixing pressure is  
evaluated. It is seen that the largest inf luence is registe red for ultra-
high performance mortar .  Consequently,  CHAPTER 3 will deal with the 
mix proportioning of this rather new type of mortar .  
2.1. Mixing procedure 
2.1.1. Introduction 
Mixing concrete is not yet a fully understood issue, with many 
parameters having an influence on the resulting properties  of fresh and 
hardened concrete . Even for the same composition, a somewhat 
different microstructure  can be obtained by changing the mixing 
procedure and the mixer type. In this work an R-type vacuum mixer  
with inclined mixing pan from Eirich is used, Figure 1- 1 and Figure 1- 
2. Different as for a ring trough, planetary, cone,  single - or twin shaft  
mixer, the material transport is  separated from the actual mixing 
process. In case of the R-type Eirich mixer, a  rotating pan transports the 
material to be mixed and a n eccentrically mounted tool performs the 
mixing function. This principle give s some advantages compared to 
other mixers (Nold, P. ,  2006):  
1. As the transport of the material is separated from the mixing  
process, there is almost no friction between the material and th e 
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rotating pan. Namely, there are no speed differences between the 
pan wall/bottom and the materials ,  Figure 2- 1 . Furthermore, the 
mixer with inclined pan is equipped with only  one bottom/wall  
scraper where friction may occur.  However, near the scraper  the 
particle velocities are quite low, and independent from the speed of 
the rotor tool.  Consequently, the rotor can work at any speed 
without increasing friction, and wear near the scraper. This reduces 
the maintenance cost and increases the service life of  the mixer .  
2. A shorter mixing time can be achieved  as the energy input in an R-
type Eirich mixer  is largely transferred directly in to the mixture. In 
contrary to the energy losses due to friction between the mixing pan 
and the material in  mixers where the material is transported only by 
the mixing tool .  
3. If  the mixing time remains constant , the added quantities of  
admixtures can often be reduced  in case of an R-type Eirich mixer. A 
better dispersion is obtained, due to the larger energy transfer . The 
same can be said about the amount of cement and water, which can 
be reduced without lowering the consi stency in comparison with  
other mixers.  
4. Furthermore,  in a mixer with inclined mixing pan 100% of the mix is  
transported to the mixing tool within one revolution of the pan. This 
guarantees, on the one hand, mixing without dead zones and, on the 
other hand, mixing without segregation also when using longer 
mixing times and higher mixing tool speeds (Nold, P.,  2012).   
5. An R-type Eirich mixer is also capable to disperse the very fine 
silica fumes particles in a proper way (Torregrosa, E.C.,  2013).  
Besides the better mixing principle of the R-type Eirich mixer, many 
parameters can be varied or monitored to investigate their influ ence on 
the properties of the concrete . The tool speed can be adjusted over a  
wide range and the torque can be registered accurately. Consequently,  
an R-type Eirich mixer  can be used as a  rheomixer to monitor the 
rheological behavior of the whole concrete batch (Nordenswan, E. ,  
2007). 
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Figure 2- 1:Mixing pan transports the materials to the stirrer. Only one scraper is 
present in the pan. 
Furthermore, the mixing time is independent of the mixer size  for a  
constant power . This is  different as for planetary mixers w here 
different results are reported in literature.  (Chopin, D.,  2007)  registered 
a shorter mixing time for a larger mixing volume  by mixing several 
mixtures in a 80 liter capacity mixer and a 1000 liter capacity mixer.  
For all eight mixtures a shorter mixing time was registered  in case of  
the 1000 liter capacity mixer .  Besides this,  (Wallevik, O. ,  2011) 
recorded a reduction of  the  plastic  viscosity for a similar mixture made 
in a 150 liter capacity mixer compared with  a  50 liter capacity mixer.  
However, these results do not take into account the different power 
input of the mixers.  (Torregrosa, E.C. ,  2013) reported an increasing 
mixing time with a decreasing power to mixing volume ratio.  
Besides this,  the rotational direction of the rotor can be selected and 
the mixing quality is almost independent of the fi lling level (Dils , J . ,  
2012a). In general, an R-type Eirich mixer is able to provide an  energy 
input into the product which is specifically adjusted to the product.  
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2.1.2. The stabilisation time of concrete mixtures 
The mixing time of a concrete mixture , mixed at constant speed, should 
be chosen in such a way, that a longer mixing time does not change the 
variation of the concrete properties significantly . Of course this time 
will strongly depend on the type of mixer. (DIN EN 206-1) suggests 
three efficiency classes: ordinary, performance and high performance 
mixers. Each class is defined by the obtained variability of  four main 
parameters (water-to-fine ratio, fine content, coars e aggregate content,  
air content). Several samples are taken from the mixer and for each 
parameter the coefficient of variation is determined. (Rikken, F. ,  2004) 
did a similar exercise for four mixers: a ring trough mixer, a  
ploughshare mixer, a rotat ing pan mixer (horizontal type)  and a rotating 
pan mixer (20° inclined type), all the mixer s were equipped with an 
intensive rotor.  Several glass batches were made in the different mixers.  
In each batch 100 g/ton of  X-ray f luorescence powder was added, which 
served as a tracer. After each minute , samples were recovered out of the 
mixer and the amount of tracer was quantified as well as the coefficient 
of variation,  Figure 2- 2. An inclined mixer with a rotating pan and a n 
intensive rotor performed best. After a mixing period of two minutes , 
the coefficient of variation reached a  stable  value  of 10%, a level often 
required in this industry.  
 
Figure 2- 2: Coefficient of variation of the amount of tracer in the glass batch in function 
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Differently , (Schiessl ,  P .,  2007) studied the impact of  the mixing time on 
the slump f low of self-compacting concrete and ultra -high performance 
mortar.  A similar approach was used by (Dils , J . ,  2 012a) for self-
compacting concrete and traditional vibrated concrete . The optimal 
mixing time is reached just before the workability  starts to decrease .  
This drop is correlated to the breaking of  the aggregates due to the high 
energy input . Consequently, the higher specific surface of the broken 
aggregates leads to an increased water demand and thus a drop in 
workability .  A large disadvantage of these monitoring techniques is that 
the mixing process has to be stopped in order t o obtain the samples or 
an extensive experimental program is necessary to get the s lump flow 
for each mixing time.  
 
Figure 2- 3: Power curve to determine the stabilisation time of a mixture. Determined at 
a circumferential speed at the extremity of the mixing blade of 6 m/s. The pressure in the 
pan drops from 1013 mbar to 50 mbar in 30 s. The final mixing procedure consists of an 
intensive phase at 6 m/s until tmax and a slow phase until ts. 
A better practice to obtain the optimal mixing time is to monitor t he 
power consumption during the mixing process (Teillet , R .,  1991),  
(Chopin, D.,  2003), (Schiessl, P . ,  2007). From this curve a stabilisation 
time can be derived which depends on the mix composition and mixing 
speed. As an example the normalized power curv e of MIX3, Table 3- 6 ,  
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work, is seen in Figure 2-  3. The curve was determined in the 75 liter 
capacity mixer at a circumferential speed at the extremity of the mixing 
blade of 6 m/s. Furthermore, the figure gives the mixing speed and the 
course of the pressure as applied in the final mixing procedure.  
In Figure 2- 3, Pv  is the power registered during the determination of  
the power curve, t m a x ,  the time when the maximal power occurs, t s  the 
stabilisation time and end of the mixing procedure. In order to calculate 
the speed of the rotor (rotations per minute) from the circumferential  
speeds (meters per second) mentioned in this thesis,  the specifications 
of the mixers are given in Table 2- 1. 
Table 2- 1: Specifications of both mixers used in this project. 
 5 liter mixer 75 liter mixer 
maxmimum weight [kg] 8 120 
speed mixing pan [rpm] 42-83 8-41 
speed rotor [rpm] 70-4535 175-520 
maximum pressure [mbar] 50 40 
diameter mixing pan [mm] 235 750 
height mixing pan [mm] 230 380 
diameter rotor [cm] 13.32 30.9 
filling volume [l] 3.5 50 
After a steep power increase due to a higher rotor speed, a slower 
increase is registered in  the first minutes after the addition of water 
and superplasticizer . This is  caused by the surface forces acting 
between the solids.  For coarse particles the addition of fluid influences 
especially the interparticle friction.  For smaller particles  the dispersion 
of the fluids is accompanied  by a high resistance due to the surface 
tension of the water and the capillary pressure inside the water  
(Schiessl, P .,  2007). During this first period the mixture  of fines 
undergoes a transition from a pendular state with capillary bridges 
localized at particle contacts to a funicular state in which the pendular 
bonds merge, but pores are not compl etely fi lled with liquid (German, 
R.M., 1989), (Fennis S.A.A.M., 2011) . At the end of the funicular state the 
system possesses the highest liquid-vapor surface energy which is 
responsible  for the peak in the power curve  at tm a x .  After this critical  
point the pores are fil led with water while the excess water pushes the 
particles further apart . Consequently, the interparticle friction and 
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surface forces decrease as well as the power curve. The stabilisation 
time, t s  is then defined as the time needed for the  gradient dP v/dt to 
reach a value ε. To determine this parameter, the descending branch of 
the power curve is fitted .  The best fit was obtained by combining  two 
exponential functions as in (2.1) (Chopin, D.,  2007), (Mazanec,  O.,  
2009):  






𝑡2  (2-1) 
The parameters P v , 0 ,  Pv , 1  and Pv , 2  as well as t1  and t2  describe the power 
range and time dependence of the fitted power curve as can be seen in 
Figure 2- 3. The parameter t 1  is chosen in such a way that the gradient 
at that time is equal to ε  and thus t1  corresponds to t s .  By using the 
stabilisation time as the end of mixing , the concrete mixture shows an 
optimal workability , indicating that the materials are well dispersed  
(Mazanec, O. ,  2009). A longer mixing time will  not improve the 
workability , in fact it can decrease as mentioned earlier.  
2.1.3. The mixing procedure of the concrete mixtures 
The mixing procedures were de termined on a 75 liter mixer  that was 
filled for 2/3 of its total  capacity taking into account the maximum 
weight of Table 2- 1 . The inclination angle of the mixer was 20° and the 
rotational direction of the rotor was opposite to  that of the mixing pan,  
Figure 2- 1 . These parameters were kept constant during the whole 
thesis.  First , binders, fi llers, f ine and coarse aggregates were weighed in 
a mobile scale and then introduc ed in the mixer simultaneously while it  
was rotating (Dils , J . ,  2012a). The dust produced during this discharge is  
removed by a dedusting machine , Figure 2- 4. The dry material was 
premixed during 15 s.  In the next  20 s, the water was automatically 
added and the superplasticizer wa s manually poured into the mixture at 
a mixing speed of 1.6 m/s, Figure 2- 3. The water dosage system was 
volume balanced. In case of ultra -high performance mortar, this is  
followed by an intensive mixing period. The duration was determined 
based on the powercurve of Figure 2- 3 for the reference UHPC, MIX3 of  
Table 3- 6.  During the test the agitator speed was kept constant at 6  
m/s. The stabilisation time,  ts ,  was considered to be reached when the 
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curve had a gradient of -0,0006. Based on this powercurve, the author 
chose a hybrid mixing procedure,  consisting of an i ntensive phase for 
150 s at a speed of 6 m/s until the maximal power is  reached and a slow 
phase for 120 s at a speed of 1.6 m/s unti l stabilisation, Figure 2- 3. The 
speed and the procedure were adopted from liter ature (Mazanec, O. ,  
2008b) and gave a good workability for the reference UHPC in an 
acceptable timeframe. All the other UHPC batches were produced 
according to this protocol, despite the difference in composition or 
mixing volume. To eliminate the influenc e of  mixing energy, the same 
circumferential speed at the extremity of the mixing blade is  used in 
both mixers.  The rotor speed for the 5 liter and 75 liter mixer can be 
calculated based on Table 2- 1. 
 
  
Figure 2- 4: Schematic picture of the 75 liter vacuum mixer with inclined mixing pan. M1 
is the motor of the discharge valve, M2 is the motor of the mixing pan and M3 is the motor 
of the the pin agitator. 
In case of the 5 liter mixer, Figure 2- 5, the same fil ling level ,  inclination 
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mixer, similarly the maximum weight of Table 2-  1 was taken into 
account. Furthermore, the dry materials were added seperatly in the 
mixer and the water was added manually just before the addition of the 
superplasticizer. Besides this,  the mixer started to rotate when all dry 
materials were inside.  
 
Figure 2- 5: Schematic figure of the 5 liter vacuum mixer with inclined mixing pan. M1 is 
the motor of the mixing pan and M2 is the motor of the the pin agitator.  
In case of vacuum, both mixers  established a pressure reduction from 
1013 mbar to 50 mbar after the addition of the superplasticizer unti l  
the end of the mixing procedure, thus for a time of 270 seconds. The 
pressure was not lowered during the dry mixing phase to prevent 
blockage of  the fi lters and removal of  the fine particles. The pressure 
was measured in the outer protecting ring and droped from 1013 mbar 
to 50 mbar in the first 30 s of the intensive mixing phase, Figure 2- 3.  
No other pressures were applied as the focus of this thesis was to check 
the full potential of vacuum mixing, furthermore the effect of different 
mixing pressures on the compressive strength of an UHPC mixture was 
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Figure 2- 6: Influence of the mixing pressure on the compressive strength of an UHPC 
mixture (Mazanec, O., 2008). 
In case of the 75 liter capacity mixer an automatic filter incrementa lly  
increased the air pressure back to 1013 mbar, at the end of the mixing 
procedure and after the rotor was shut  down, Figure 1- 2. The fresh 
concrete was then discharged in a container. Next an automated 
cleaning system removed all  the rest inside the mixer.  For the 5 liter 
capacity mixer the pressurization, the discharge and the cleaning was 
done manually. Similarly ,  the pressurization was done after the rotor 
was shut down with a valve that was manually opened i n a slow way.  
In case of self -compacting concrete (SCC) and traditional vibrated 
concrete (TVC), the mixing time is determined by monitoring the 
evolution of the slump flow or the slump in function of the mixing time 
for a mixing speed equal to 3.3 m/s. Th e time corresponding with the 
maximum workability is taken as the stabilisation time of the mixture.  
The mixing procedure for the different concrete types is summarized in 
Table 2- 2.  
Table 2- 2: Mixing procedure of the different concrete types used in the project. 
 Intensive phase Normal phase 
 Time [s] Speed [m/s] Time [s] Speed [m/s] 
UHPC 150 6.0 120 1.6 
SCC / / 110 3.3 
TVC / / 45 3.3 
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2.2. Preliminary study on the potential of vacuum mixing 
In this section, the effect of an air content reduction on the compressive 
strength of different mortar types is examined  with the 5 liter capacity 
mixer. For self-compacting concrete and traditional vibrated concrete a  
mortar was composed with the he lp of the concrete equivalent mortar 
(CEM) method (Schwartzentruber, A. ,  2000). In this method extra sand 
is added to the mortar compared to the original concrete composition in 
order to have the same total surface of aggregates in the mortar as in 
the concrete. The concrete mixtures were based on the work of (Boel,  V. ,  
2006). An UHPC mixture was acquired from the work of  (Richard, P. ,  
1995), MIX3 of Table 3- 6 with the difference that cement C4 instead of  
C3 was used from Table 3-  2. As this mixture  contained fine quartz sand, 
it can be considered as mortar.  The mix compositions used in the 
preliminary tests can be found in  Table 2- 3.  




* ratio solid particles PCE on cement mass ; 
* * water compensated for water percent in superplasticizer ;  
In case of SCM and TVM the strength is determined on prisms 40 x 40 x 
160 mm according to NBN-EN 196-1 (2005), in case of UHPC cubes with 
side 100 mm were tested .  The effect of a lowered mixing pressure, 50 
mbar instead of 1013 mbar, on the compressive strength at 28 days and 
on the fresh air content is summarized in Figure 2- 7. The fresh air  
content is determined according to the pressure gauge method 
described in (EN 12350-7). As the compressive strength is determined 
on cubes with different sizes , namely 40 x 40 mm for SCM & TVM and 
100 x 100 mm for UHPC, the strength values are converted according to 
(NBN B 15-220:1990) to a compressive strength determined on cubes 
with size 100 mm. The same conversion formula is  used for TVM and 
(kg/m³)  TVM SCM UHPC 
CEM I 52.5 N 608 519 / 
CEM I 52.5N HSR (C3)  / / 892 
River Sand 0/4 mm 1432 1284 / 
Quartz Sand 0/0.5 mm  / / 981 
Limestone fi ller  / 346 / 
Densified silica fume  / / 223 
PCE *  0.11 0.76 41 
Water * *  243 202 194 
W/B 0.40 0.40 0.174 
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SCM, despite the fact that the formula is  elaborated and validated only 
for TVM. Removing air voids from the mortar mass has the largest effect 
on ultra-high performance mortar  (UHPC). For this type a decrease in 
fresh air content from 3.6% to 1.5% led to an increase in compressive 
strength from 140 MPa to 157 MPa.  A reduction from 2.4% to 0.8% for 
SCM led to an increase in compressive strength from 83 MPa to 85 MPa. 
Finally, an air content reduction from 4.1% to 3.0% led to a strength 
increase from 67 MPa to 71 MPa in case of TVM.  The low impact of  
vacuum mixing on traditional vibrated mortar is due to the vibrations 
after molding. The additional energy is used to remove the entrapped 
air (Popovics, S .,  1973), consequently the positive effect of  vacuum 
mixing is shadowed by this compaction techniq ue. Similarly,  the air 
content of self-compacting mortar is not inf luenced much by the vacuum 
technique, but rather determined by the capability  of the batch to push 
the air out under its own weight.  
 
Figure 2- 7: Influence of an air content reduction on the compressive strength at 28 days 
and the fresh air content of different types of mortar mixed in a 5 liter capacity mixer. 
In contrary, an ultra-high performance mortar is characterized by a high 
packing density and plastic viscosity (Lowke, D.,  2012) , which makes it  
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weight.  Furthermore, the vibration speed for concrete with a water -to-
cement ratio lower than 0.3 should be around 0.2 m/s, (Bresson, J . ,  
1996) in order to compact it .  (Chiocchio, G. ,  1986) state that the 
aggregate sizes affect the optimum vibration frequency. The best 
compaction is reached when the vibration frequency corresponds to the 
resonant frequency of the mean grain size . Unfortunately  such strong 
vibrators are not common in concrete production what makes it difficult  
to vibrate UHPC. Consequently,  the effect of vacuum mixing on the fresh 
air content, is most clearly seen in the case of UHPC as other air  
reducing mechanisms fall  short for this mortar type, Figure 2- 7.  The 
different impact of an air content reduction on the compressive strength 
can be explained by the law of Feret  (2.1)(Feret, R .,  1892);  








Where K1  is a  factor depending on the strength of the cement at the age 
of testing (28 days), V w  is the effective water volume, V c  is the absolute 
volume of the cement and V a  is the volume of air in the mortar . The self-
compacting mortar and traditional vibrated mortar have a water-to-
binder ratio of 0.40, the ultra -high performance mortar ha s a water-to-
binder of 0.17.  As the compressive strength refers to th e hardened state 
of the mortar,  the hardened air content is  used in the analysis . The 
factor K1  is determined based on the compressive strength and air  
content of the mixture made under atmospheric pressure.  
Table 2- 4: Effect of an air content reduction on the hardened air content and 
compressive strength of different mortar types. 






 % MPa 
UHPC 4.4 1.7 140 153 13 
SCM 3.3 2.9 83 85 2 
TVM 4.0 3.0 67 71 4 
Δ F e r e t  = strength increase according to the law of Feret  between 1013 mbar and 
50 mbar; 
In case of a high water -to-binder ratio the effect of a decrease in air  
content is marginal . As the water -to-binder ratio decreases, the amount 
of air in the mixture becomes more critical . This is seen by the 
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significant strength increase for the ultra -high performance mortar,  
Figure 2- 7. The improved compressive strength is also predicted by the 
law of Feret, the highest increase is obtained for UHPC, Table 2- 4. 
Figure 2- 8  clarifies the principal of this law for different water -to-
binder ratios and air contents. In conclusion the effect of vacuum mixing 
on the hardened air content and th e compressive strength is more 
pronounced for UHPC than for TVM and SCM. As the impact of an air  
content reduction is strongly dependent on the strength level and the 
water-to-binder ratio, the ultra -high performance mortar will be 
optimized in the next chapter. This in order to obtain the highest 
strength level possible and to check the potential of vacuum mixing.  
 


























Water-to-binder ratio [-] 
Va = 0.5% (0.005 m³)
Va = 2% (0.02 m³)
Va = 5% (0.05 m³)
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CHAPTER 3. HOW TO 
PRODUCE A GOOD UHPC? 
 
3.1. Framework 
According to the Federal Highway Administration,  UHPC refers to a  
cementitious composite material composed of an optimized gradation of  
granular constituents,  a water -to-binder ratio less than 0.25 and a  
compressive strength greater than 150 MPa (Graybeal, B.,  2011). A good 
overview of its history can be found in (Torregrosa, E.C.,  2013)  and is 
summarized in Figure 3- 1.  
 
Figure 3- 1: Scheme of the evolution of UHPC combining the knowledge from fiber 
reinforced concrete (FRC), self-compacting concrete (SCC) and high performance 
concrete (HPC). (Torregrosa, E.C., 2013) 
This means that in order to obtain a similar strength level with 
materials that can be delivered  by Belgian companies , a full 
optimization should be performed. Such a process includes an optimal 
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packing density, a good hydration of the si lica fume and cement,  a  
compatible superplasticizer  for the binders and a suitable aggregate .  
Finally,  such a process will lead to the highest mechanical performance 
attainable with these materials. At the end of  this chapter the mixtures 
used in this project are summarized.  
3.2. Optimization of the packing density 
A lot of work is already performed  on the optimization of the packing of  
granular mixtures . Pioneers as (Fuller,  W.B. , 1907),  (Andreasen, A.H.M.,  
1930) and (Funk, J .E. ,  1994)  optimized the skeleton based o n an ideal 
particle size distribution. However, their  methods do not take into 
account the interaction of the  different size clas ses or the inf luence of  
the shape of  the particles on the packing density of the particles. A 
better practice is  the optimization of the packing density through 
packing models. The most complete model available  at this moment, is  
the compressible packing model, CPM ( De Larrard, F. ,  1999) . The model 
calculates a virtual packing density of a mixture of particles based on 
equation (3.1) . In this formula,  there are n size classes with category i  












β i  is the virtual packing density of class i ,  r j  is the volume fraction of  
class j ,  the interaction coefficients b i j  and a i j  represent respectively the  
wall  and loosening effect exerted by the classes mutually.  These 
coefficients were evaluated on binary granular mixtures in (De Larrard,  
F. ,  1999) and are given by equation (3.2) and (3.3). 








Equation (3.1) assumes infinite compaction energy. In practice this wil l  
never be the case, as the energy input comes from vibration, mixing or 
consolidation which have  a restricted energy level . Therefore, (De 
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Larrard, F. ,  1999) introduce s a parameter K to determine the actual  
packing density α i .  The compaction index K depends only on the applied 
compaction.  In case this index is known and the actual packing density 
of a monosized class is experimentally determined, the virtual packing 
of this class can be determined with equation (3.4). 




When for each size class the packing densities and their K values are 
determined experimentally, the CPM can predict the packing density of 










𝑖=1  (3.5) 
The K-values of different compaction processes are given in Table 3- 1.  
Table 3- 1: Compaction index K of different compaction processes. 
Packing process  K value 
dry Pouring  4.1 
 Sticking with a rod 4.5 
 Vibration 4.8 
 Vibration + compression with 10 kPa 9.0 
wet Smooth thick paste (Sedran, T., 1999) 6.7 
 Proctor test (Pouliot, N., 2001) 12.0 
 Marquardt test (Fennis, S.A.A.M., 2011) 12.2 
 Centrigufal consolidation 6.7 
virtual  ∞ 
With the help of CPM t he ideal volume fraction of the coarse and fine 
aggregates can be determined. Most UHPC mixtures in li terature use a 
combination of  a fine quartz sand with a strong basalt ( Schmidt, M. ,  
2005) or porphyry (Piérard, J . ,  2013) . The reason for this will be 
explained in §3.6 . In Figure 3- 2 and Figure 3- 3 the experimental 
packing densities and the CPM fit are given for a basalt 2/4 an d 
porphyry 2/4 with a quartz sand 0.25/0.5.  Each point on these graphs is  
the average of 5 measurements.  The K-value of the compaction test was 
equal to 9,  the particle size distribution of  basalt  and porphyry was 
measured with a dry method conform (NBN EN  933-1, 2012) and the 
distribution of the quartz sand with a laser diffraction meter with a dry 
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unit, appendix A.5 Based on such interaction curves, the optimal 
proportion of coarse and fine aggregates can be estimated, taking into 
account the interparticle forces that both classes exert on each other 
and the effect of the form of the aggregates.  
 
Figure 3- 2: Interaction curve of basalt 2/4 and quartz sand 0.25/0.5 (K=9). 
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It becomes somewhat more complicated, when a similar approach is 
used for the binders and the fi l lers of a  granular system. Besides the 
geometrical interaction which is translated in a wall and loosening 
effect,  other surface forces also play an important role in the packing of 
the fine particles (Fennis,  S.A.A.M., 2011).  The resultant of the Van Der 
Waals Forces, the electrostatic and the steric repulsion determine the 
state of agglomeration of the particles (Flatt , R.J . ,  2004). The first two 
forces are described by the DLVO theory (Verwey,  E.J .W., 1948), the 
steric forces are  introduced by the superplasticizer in order to decrease 
the agglomeration. This steric hindrance is caused by the entropic 
tendency of the polymers which makes the particles repel each other. In 
general,  the formation of agglomerates depends on the chemical and 
geometrical characteristics  of the particles, the type of superplasticizer,  
the pore solution composition or type of dispersant,  the de-
agglomeration energy of the ultrasonic bath  or the type of mixer  and 
mixing procedure, the temperature and relative humidity . Therefore it  
is advisable to determine the packing density and the particle size 
distribution with a wet measuring method. Consequently, this means 
that the measuring method has a large impact on these parameters. For 
example, Figure 3- 4 shows three particle size distributions  (PSD) of a  
densified silica fume (DSF)  measured with a laser diffraction meter .  
Three dispersants were used namely, isopropanol , disti lled water and 
disti lled water with superplasticizer.  The exact procedure can be found 
in appendix A .2.  For each dispersant,  three measurements were 
performed. After each measurement the wet unit  was cleaned and 
refilled with dispersant. Each measurement was the average of six tests.  
The refractive index of si lica fume was 1.53. The absorption index of  
grey si lica fume was 0.001 (Cyr, M. , 2001) . From Figure 3- 4 it is clear 
that the particle  size distribution strongly depends on the dispersant 
used for the measurement. The addition of superplasticizer to disti lled 
water de-agglomerates the silica fume particles more, as the first peak 
in the curve becomes larger. In contrary, the measurements in 
Isopropanol give a significantly higher proportion of larger 
agglomerates of the silica fume.  
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Figure 3- 4: Particle size distribution of densified silica fume measured with a laser 
diffraction meter in different solutions. (DSF = densified silica fume, SP = 
superplasticizer, IPA = isopropanol) 
As the particle size distribution is one of the input parameters in CPM it  
will change the fit in an important way. Figure 3- 5 shows the 
interaction curve of an undensified silica fume (USF) with a cement 
(CEM I 52.5N HSR LA) . The experimental packing density was 
determined with the centrifugal consolidation technique  (Fennis,  
S.A.A.M., 2001),  (Miller K.T. ,  1996). The mixtur es were mixed with an R -
type Eirich mixer, Figure 1- 1, following the same procedure as for 
UHPC, Table 2- 2.  The consolidation was performe d in a  Heraeus 
Labofuge 400. The paste is poured into 90 mm long test -tubes with an 
internal diameter of 27 mm. The test -tubes are then centrifuged for 15 
minutes at 3500 rpm. The particle size distribution of th e cement was 
determined with a laser diffraction meter in isopropanol. The PSD of the 
undensified si lica fume was measured with two techniques. One 
measurement was performed with a laser diffraction meter  in distil led 
water and superplas ticizer identical to the procedure  mentioned before .  
A second measurement was performed with a Zetasiezer Nano ZS .  Figure 
3- 5 demonstrates that the undensified silica fume particles are able to 
fill  the interstices of the cement grains and increase the packing density 
of the granular mix. A peak was experimentally found at 20 vol. -% si lica  
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Figure 3- 5: Interaction curve of undensified silica fume and cement (K=6.7). CPM fit 
performed with results from laser diffraction and dynamic light scattering. 
The accuracy of the CPM fit strongly depends on the input of the particle  
size distribution. In case of laser diffraction no interaction was 
predicted. This is probably due to the presen ce of larger agglomerates.  
In case of the Zetasizer Nano ZS a strong interaction is registered, as the 
measured PSD was finer than with the laser diffraction meter , Figure 3- 
6. The correct particle size distribution of the silica fume will be 
situated between those two. This should be confirmed by a direct 
measuring method.  The ideal way to do this is  measuring the PSD of the 
silica fume after mixing, in order to know how much primary 
agglomerates (Zetasizer Nano ZS) and secondary agglomerates ( laser 
diffraction meter) are really in the mixture. Furthermore, it  should be 
noted that the particles are fully saturated with superplasticizer in 
order to prevent influence of this  parameter on the experimental 
packing density . The saturation dosage was estimated according to the  
AFREM method (De Larrard, F. ,  1996).  The actual dosage that went in 
the mixture was this saturation dosage with a safety margin.  
In conclusion, the CPM fit with the particle size distribution of the 
Zetasizer Nano ZS, Figure 3- 5 is less accurate compared with the fits 
obtained by (Sedran, T. ,  1999) for cement and si lica fume. A possible  
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saturated with lime in order to simulate t he alkali  pH of the concrete 
and to promote the adsorption of superplasticizer, Figure 3- 18.  
 
Figure 3- 6: Particle size distribution of an undensified silica fume determined with laser 
diffraction and dynamic light scattering. 
Another possibility to obtain a better fit is the validation of the 
interaction coefficients.  At this point, the same coefficients are used as 
for the aggregates, assuming that the geometrical interaction for fin e 
powders saturated with superplasticizers is the same. According to 
(Fennis, S.A.A.M., 2011) this is  not necessarily  true.  Due to the 
interparticle forces inf luencing the packing density, a decreased wall  
effect and an increased loosening effect should be  taken into account  to 
include these forces in CPM. Last, the PSD of cement is measured in 
Isopropanol to prevent congestion in the laser diffraction meter .  
However, during 15 minutes centrifugation dissolution and 
precipitation of the cement particles wil l occur. This will change the 
particle size distribution as proven by (Holzer, L. ,  2007), (Zingg, A. ,  
2008) with combined cryo-Focused-Ion-Beam sectioning and high 
resolution cryo-SEM. (Yim, H.J. ,  2013) found similar results by 
connecting a laser backscattering device to his rheometer. During the 
rheology tests, the cement particles (de)flocculated depending on the 
shear rate . For certain shear rates the author found an increase in 
packing density in time. (Ferron, R.D. , 2013) also concluded with a  
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flocs become larger or smaller  depending on the shear conditions in the 
reometer . Taking into account this PSD evolution could also lead to a  
better fit in Figure 3- 5. 
In conclusion, the CPM is able to predict the interaction curves of the 
granular skeleton in an acceptable way and it can be used to optimize 
concrete mixtures.  Furthermore, this tool  can drastically  decrease the 
trial  batches in order to find  a good proportioning of the different 
powders and aggregates. Eventually a full  optimization of the packing 
density will lead to a higher mechanical performance:  
  An improved particle packing give s rise to less pores that have to be 
filled with water. Thus more excess water will be available  or in 
other words less water is needed for the same workability .  
Consequently, the water-to-binder ratio can be decreased to keep 
the workability  constant and a lower binder spacing factor is  
obtained leading to a  higher strength (Fennis, S .A.A.M.,  2011), (De 
Larrard, F. ,  1999), (Li, L.G. ,  2013) . 
  The high total packing density and the low water -to-binder ratio 
favors the formation of (ultra) high density CSH (Vandamme, M.,  
2010). This gives rise  to low gel porosity,  a higher strength and 
lower elasticity. This ultra-high density CSH is formed due to 
numerous near-contact points separating cement grains creating 
confined reaction zones that are characterized by high 
supersaturations in the aqueous phase. Under these condit ions CH-
crystals are embedded in the high density CSH (Jennings, H.M.,  
2008a), serving as mechanical reinforcement for this structure 
(Chen, J .J . ,  2010).  
3.3. Is every cement suitable for UHPC? 
For the design of UHPC mixtures, the choice of cement is a crucial step.  
Some guidelines are foun d in literature. According to (Wille, K. ,  2012)  
cement with a d 5 0  ≈ 10 µm is recommended for UHPC. Of course, this 
only serves as a first assumptio n, a  more fundamental approach as given 
in §3.2 can give a better value  for the particle size distribution of the 
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cement. The degree of consumption of superplasticizer on the cement 
surface and thus the required dosage for the mix increases with the 
product of C3A content and fineness, i .e. C 3A total surface area 
(Mazanec, O. ,  2008a). Some authors state that in order to have an 
acceptable workability , cement with a high alkali  content (K 2O and 
Na2O) has to be prevented  (Sakai,  E.,  2008) . A high alkali -content will  
influence the reactivity of C 3A of the cement. It changes the normal 
structure of C3A into a more reactive form  (cubic to orthorhombic),  
which has an impact on the reactions of C 3A with sulfate and 
superplasticizer . (Spiratos, N.,  2006) , (Cheung, J . ,  2011) . (Flatt , R.J . ,  
2001) Indicate however that high alkali cement can give a better slump 
life due to the fact that these alkalis  come in the form of  Na 2SO4  and 
K2SO4  which are highly soluble. Compared to CaSO 4  where the solubility  
is slower and depends on the form (gypsum, anhydrite or hemihydrate) .  
As a consequence the sulfates are capable to compete with the 
superplasticizer for  the consumption on the C 3A molecules . As the 
density charge of these sulfates is higher than the PCE , this will result  
in a longer availability of the  superplasticizer and thus a prolonged 
slump life . (Habbaba, A. ,  2014) also found a good correlation betw een 
the spread and the alkali -sulfate/C3A molar ratio instead of the total  
sulfate/C3A molar ratio, which demonstrates the importance of the 
alkali-sulfates . On the other hand, (Cheung, J . ,  2011) report that the 
solubility of  these sulfates can be suppressed by the presence of  an 
admixture or temperature so that the sulfates are not supplied quickly 
enough to the pore solution. Furthermore, as si lica fume is the only 
secondary cementitious material added to th e ultra-high performance 
mortar, no extra reactive aluminate content is added to the mixture,  
which can change the SO4 2 -/C3A balance in an important way.  In general ,  
(Cheung, J . ,  2011) stress mark that the kinetics of  sulfate dissolution,  
aluminate reaction and resulting si licate hydration all  interact a nd can 
individually and in combination be affected by the presence of  
admixtures or a different  temperature. Thus a suitable cement for a 
certain superplasticizer with regard to hydration and rheology should 
be related to these kinetics.  A state-of-the-art review on this matter can 
be found in (Cheung, J . ,  2011).  In general , a good sulfate balance can 
already prevent numerous compatibility problems,  Figure 3- 7 .  
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Nevertheless, new cement-admixture combinations should  always be 




Figure 3- 7: Parameters influencing the sulfate balance in the early cement hydration. 
In this paragraph six different cements were delivered by 3 Belgian 
companies and tested on their comp atibility with a PCE Glenium 51, 
35% solids. The particle size distribution of the different cement types 
can be found in appendix A.1.  The tests were performed on MIX6 of 
Table 3- 6 in §3.7. The same mixing procedure for UHPC as in Table 2- 2 
was used. Similar as in (Habbaba, A. ,  2014) the mini- slump test (NBN 
EN 1015-3) was used to check the compatibility .  Furthermore, the 
influence on the compressive strength and the rheology w as also tested.  
A profound discussion on the results can be found in (Di ls , J . ,  2013). In 
this section only the impact on the workability and to a lesser extent on 
the compressive strength,  will  be handled. The mineralogical  and 
chemical composition of the cements (C1 -C6) is  given in Table 3- 2  
based on XRF results . The measurements were performed with a  
PW2400 Röntgen Spectrometer. All the cements  had a very low C 3A 
(<3.0%) and SO 3  (<3.5%) content, by which they are categorized as a  
high sulfate resistant cement according to (NBN B 12 -108). After 
mixing, the workability was tested by the mini slump flow which gives 
an indication on the fi lling ability  of the mortar  (De Schutter,  G.,  2008).  
The segregation resistance was also checked after the stabilisation of  
the flow. A separation of paste was not notified in any of the mixes.  The 
amount of superplasticizer was changed for each cement type, in order 
to get a target  slump f low of 300 mm +/- 50 mm. These are common 
values in li terature (Mazanec, O.,  2008 a), (Wille, K. ,  2011). Figure 3- 8 
shows the obtained result . The amount of superplasticizer is given as 
the weight percentage solids with respect to the cement weight.  
 




  Amount added 
  Hydration state  
  Surface sorption  
  Alkali sulfates  
  Ratio C3A en C4AF 
  Fineness 
  Degree of dispersion  
  Alkali modification  
  Extra source –  Class C Ash 
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Table 3- 2: Mineralogical and chemical composition of six cements [wt.%]. 
 
C1 C2 C3 C4 C5 C6 
SiO2 21.40 21.35 21.48 20.90 21.03 21.24 
Al2O3 3.60 3.58 3.61 3.64 4.06 3.87 
Fe2O3 4.20 4.09 4.20 5.19 5.06 5.18 
CaO 63.20 63.25 63.37 63.68 63.86 64.11 
MgO 2.00 1.77 1.64 0.77 1.06 0.95 
SO3 2.90 2.64 2.54 3.03 1.75 2.30 
Na2O 0.15 0.17 0.17 0.17 0.25 0.18 
K2O 0.54 0.50 0.56 0.63 0.59 0.52 
Alkali* 0.53 0.50 0.54 0.58 0.64 0.52 
Blaine [cm²/g] 5600 3490 4392 3975 3300 4300 
ρ [kg/m³] 3230 3120 3070 3137 3160 3090 
C3S 56.12 57.74 57.16 59.82 60.58 59.53 
C2S 19.10 17.74 18.55 14.88 14.68 16.07 
C2S + C3S 75.22 75.48 75.71 74.70 75.26 75.60 
C3A 2.44 2.57 2.47 0.87 2.21 1.50 
C4AF 12.80 12.40 12.80 15.80 15.40 15.70 
C3A-spec.surf. 
[cm²/g.C3A] 
136.75 89.86 108.42 34.78 72.85 64.56 
SO3/C3A 1.19 1.03 1.03 3.46 0.79 1.53 
 *Alkali  equivalent:  (Na 2O + 0.658 K 2O);  
Notice that the target slump flow could not be reached for C5 even by 
increasing the amount of superplasticizer with almost 1 %- wt. cement. A 
different superplasticizer demand between UHPC mixtures can be 
explained by the differences in chemical composition and fineness of the 
cements types. For a different workability this is only part ly true. This 
should be compared for a full surface coverage of the cement particles 
with the superplasticizer (Flatt , J .R . ,  2001). Cement that is only partly 
covered will have a worse workability than cement that is fully covered.  
In this research no information on the superplasticizer coverage of the 
different UHPC mixture was determined. Because of the lack of  
information, the changes in the workability will only be explained based 
on the chemical composition and the fineness of the cements.  
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Figure 3- 8: Influence of the cement type on the workability of MIX6. 
First the influence of the C 3A specific surface can be examined. From 
Table 3- 2 it can be seen that cement C1 has the highest  C3A specific  
surface and therefore reached a low slump flow for a higher 
superplasticizer content tha n the normal dosage . Due to the higher C 3A-
content and reactivity (fineness),  ettringite  will  be produced  faster and 
in a larger quantity  on condition that the dissolution of the sulfates is  
not blocked (Cheung, J . ,  2011) . Consequently , the specific surface of the 
C3A grain becomes higher and the quantity of consumed superplasticizer 
per specific area decreases (Ferrari , L. ,  2011) . As a consequence, the 
effect of the PCE superplasticizer decreases. Secondly a larger content 
of water is consumed. Thus the volume of  free pore solution is reduced, 
while the solid content increases. This is also examined by (Justnes , H. ,  
2014) who obtained a better rheology by r eplacing gypsum by calcium 
nitrate. In this case AFm products were formed instead of AFt products.  
As the latter are smaller platelets instead of long needles they lead to a 
smaller specific surface . Furthermore ettringite transform s 32 moles 
water from liquid to solid per mole C 3A reacted, whilst an AFm phase 
transforms 12 moles water in comparison (Justnes, H. , 2014).  This leads 
to a better rheology and workability . Besides this, C1 has also an early 
high strength development. Thereby hydration products w ill bury the 
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(Viet Tue, N., 2008). These three phenomena contribute to a reduced 
workability of the mixture made with cement C1.  
Another important parameter is the SO 3/C3A ratio (Spiratos, N. ,  2006) .  
In absence of  a superplasticizer a  large part of  the soluble sulfate ions,  
originating from the gypsum, the aggregates and the alkali-sulfates 
formed during clinker production , will react with C 3A and form 
ettringite. In case of a superplas ticizer, the sulfate ions in the pore 
solution will compete with the superplasticizer molecules for the 
resting anchor points on the C 3A molecules . As the amount of SO 4 2-  
increases, the consumption of superplasticizer becomes less and the 
initial slump flow decreases. On the other hand, more superplasticizer is  
available in the pore solution for adsorption on the newly formed 
hydration products at a later time. This means that a mixture with a  
sufficient level of SO 4 2- ions in the solution compared to the r eactivity 
of the C3A, is expected to have a longer slump life (Mazanec,  O. ,  2008a).  
An insufficient level of available SO 4 2 -  ions in the solution will result in 
a higher consumption and shorter slump life. C5 has a high alkali  
content, which can indicate a  fast dissolution of  SO 4 2 -  ions in the pore 
solution as the dissolution rate of  alkali -sulfates is very fast  in 
comparison with CaSO 4 .  The competitive adsorption of SO 4 2 -  and PCE 
molecules can than explain the high superplasticizer demand and the 
bad initial workability of the  UHPC. Namely,  the high amount of sulfates 
can promote the formation of gypsum or syngenite crystals and lead to a 
false set. On the other hand the high alkali content could have changed 
the C3A from its normal cubic form to its more r eactive orthorhombic 
form (Spiratos, N. ,  2006). This can be another reason for the low 
workability of cement C5.  Remark, that the alkali’s  in the first reason 
lead to a  slow adsorption (false setting) and in the second reason to a  
fast adsorption of the su perplasticizer (flash setting).  As the SO3/C3A 
ratio of this cement was under 1, Table 3- 2, the author is of the opinion 
that f lash set (formation of calcium aluminate hydrates) and thus the 
intercalation of the polymer was more likely to happen (Plank, J . ,  2010) .  
Furthermore cement C6 had a low SO3-content , causing the higher 
superplasticizer demand of the mixture due to the early formation of  
organo-mineral phases between the C 3A and the PCE (Plank,  J . ,  2010).  
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Cement C2,  C3 and C4 had the best workability and the lowest 
superplasticizer demand.  
In general i t is more important to have an acceptable level of sulfates in 
solution instead of a low content of C3A specific surface . This becomes 
evident when the reader compares the workability  of C5 and C6 with 
that of cement C1, C2, C3 . The first cement types are characterized by a  
low C3A specific  surface and SO3  content which lead to a bad 
workability . In contrary C1, C2, C3 have a high C3A specific surface and 
SO3  content which led to an acceptable slump flow. The positive effect of  
alkali-sulfates as described by (Habbaba, A. ,  2014)  and (Jiang,  S . ,  1999)  
could not be confirmed as no XRD were performed on the different 
cement types and the total alkali content did not vary in an important 
way, Table 3- 2. Furthermore, cement C4 scored well on all criteria  
having a low C 3A specific surface and a high SO 3/C3A ratio. As the 
amount of alkali  (K2O and Na 2O) was high, the amount of al kali-sulfates 
will presumably also be high. Finally , no influence of  a changed packing 
density due to the different cement types, was considered.  
The results of the compressive s trength at 7 days and 28 days are  given 
in Table 3- 3 . Cubes with side 100 mm were cast and stored in a climate 
room under 20°C ± 2°C and a relative humidity of 90% ± 5% until  
testing. The values are an average of three cubes, excep t for cement C6 
were only one cube was tested at 7 days and none at 28 days.  
Table 3- 3: Influence of a different cement type on the compressive strength of MIX6, 
Table 3- 6. 
 
C1 C2 C3 C4 C5 C6 
fc,cub,7d [Mpa] 106 112 115 125 78 87 
s [Mpa] 5.3 4.1 3.2 9.3 2.5 / 
fc,cub,28d [Mpa] 138 122 146 159 116 / 
s [Mpa] 3.9 1.0 12.9 1.2 4.5 / 
The f lash set and the subsequent bad workability of UHPC made with 
cement C5 or C6 is also seen in the results of the compressive strength,  
probably due to a suppressed si licate hydration peak (Roberts, L.R. ,  
2007). The UHPC made with cement C4 gave a very good result and 
could be classified as UHPC (Graybeal, B.,  2011). One of the reasons of 
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this high performance is due to the good SO 3/C3A ratio, which led to a  
suitable workability  and a full si licate hydration peak . Another 
plausible reason, is the improved packing density  and thus a lower 
binder spacing factor (Fennis,  S .A.A.M, 2011) , however this should be 
confirmed by similar test s as described in §3.2 . It is remarkable that the 
slight difference in SO 3 -content between the different cements,  Table 3-  
2, has a large impact on the workability and strength development of 
the ultra-high performance mortar . This sensitivity is caused by the 
large amount of superplasticizer  which can accelerate the aluminate 
hydration or impact the solubility of the sulfates (Cheung, J . ,  2011 ). The 
high amount of PCE brings  the system to the edge of a co mpatibility  
problem. Consequently a  slight variation in sulfate content between the 
different cement types, is able to push the system over the edge 
(Roberts, L.R.,  2007)  resulting in flash set, bad workability and low 
strength development . This problem will also be discussed  in §3.4 and 
CHAPTER 5.  
3.4. Selection criteria for a good silica fume 
Silica fume is a by-product of the production of si licon or of various 
silicon alloys and it is transported, stored, and used in four typical  
forms: as-produced powder, slurry, dry densified powder and pelletized 
silica fume (Lothenbach, B. ,  2013) . The as-produced powder 
(undensified si lica fume) is collected as extremely fine powder  with low 
bulk density (128 to 433 kg/m 3) . The as-produced silica fume can be 
pelletized by mixing the silica fume with a small  amount of water on a 
disk pelletizer. This is an irreversible process, therefore pelletized 
silica fume is not used as an a ddition in concrete production . However,  
it may be mixed with Portland cement clinker to form blended cement  
(Chandra, S . ,  1996) . Because of i ts extreme fineness undensified si lica  
fume is difficult  to transport and handle , and can create a severe dust 
problem. The slurried form consists of si lica fume and water, usually in 
equal amount by mass. The dry densified form of silica fume has been 
processed to increase the bulk density to about 560 to 640 kg/m 3  and 
looks like small beads, flows like water and produces  very little dust.  
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This form is transported and handled similarly to Portland cement or f ly  
ash.  
Silica fume consists of  very fine spherical particles l inked together into 
primary and secondary agglomerates, rather than isolated spheres ,  see 
also discussion in §3.2  (Diamond, S.,  2006) . The average particle size of  
silica fume is about 100 to 150 times smaller than the average particle 
size of Portland cement . The small particle size with the high specific  
surface area in combination with the high amorphous silicon dioxide 
content makes silica fume a unique material . Its  influence on the 
properties of cementitious materials is th ree-folded (Sakai, E.,  2009),  
(Lee, N.P.,  2005) . First it  can fill  the interstices betw een the cement  
particles and thereby increase  the packing density of the mixture. This 
will also increase the tortuosity of the capillary pores as stated by 
(Bonneau, O. ,  2000). Secondly its spherical shape lowe rs the f low 
resistance and thus increases the workability . Finally , its  puzzolanic 
property increases the hydration of  the binder system. This chemical 
process is not initiated with water alone, the silica fume also has to 
react with the calcium hydroxide produced by the hydration of the 
cement to form calcium silicate hydrates ( CSH). When silica fume is 
added to a mixture, i t first acts as a  chemical ly inert fi ller , increasing 
the amount of nucleation sites and thereby the hydration. After about 
one day it begins to act as a pozzolan, reacting chemic ally with CH and 
water to form CSH (Zelic, J . ,  2000), (Larbi, J .A .,  1990), (Mitchel, D.R.G. ,  
1998). Microstructural studies show that in mortars containing si lica 
fume part of the change in pore distribution results from si lica fume 
reacting with Ca(OH) 2  formed around the sand grains and thus 
decreases the interfacial transition zone (ITZ)  (Gapinski , G.M., 2013) .  
Furthermore, the densification le ads to a pore blocking , increasing the 
resistance against deleterious agents.  
The mechanical performance is also influenced by the placeability of the 
mixture (De Larrard, F. ,  1999) . As mentioned before, t he addition of  
silica fume will change the workability of the concrete. On the one hand 
it decreases the pore volume, leading to a higher amount of excess 
water which increases the workability . On the other hand the large 
specific surface area increases the water demand, so less water is  
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available for the f luidity and thus the workability  will decrease , (Li,  
L.G.,  2013). Depending on the type of si lica fume one of bo th 
mechanisms will dominate and decrease or increase the workability .  
Depending on the evolution, the mixture will be placed more easily with 
less artifacts as entrapped air bubbles and thus will obtain a higher 
mechanical performance with a lower standard  deviation on the results.  
In conclusion,  the incorporation of si lica  fume will change the 
microstructure, the workability  and the mechanical performance of the 
composition in an important way (Gapinski,  G.M., 2013), (Cheng -yi,  H. ,  
1985). 
In this project three different si lica fumes (SF) were tested, delivered 
by one company. All the silica fumes were conform (NBN EN 13263 -1) 
according to the technical data sheets of the supplier and are a by -
product of the silicon industry. The chemical composition determi ned 
with XRF, the BET specific surface determined with a BELSORP -mini II  
and the color of the different si lica fumes can be found in Table 3- 4.  
One silica fume was densified before transportation and is denoted as  
DSF. A second sil ica fume was undensified and is named USF. The last 
one originates from a grey densified si lica fume from which the carbon 
content is reduced. This led to a white color, therefor e this type is  
called WSF. The particle size distribution (laser diffraction, Zetasizer 
nano, SEM images) and the density can be found in appendix A.2.  
(De Larrard, F. ,  1992) observed an in crease in f low time of  mortars 
containing si lica fume when the amount of carbon in these si lica fumes 
increased.  This observation can be explained as follows.  The presence of  
carbon in the si lica fume, can lead to organic bonds between the 
superplasticizer and the carbon. This leads to a  reduced effectiveness of  
the superplasticizer . Thus for a constant PCE content  the flow time of  
mortars containing a sil ica  fume with more carbon content will increase .  
Additionally, the fines will be less dispersed in the mixture or 
dispersant with superplasticizer, leading to a coarser particle size 
distribution with more agglomerates.  The phenom enon strongly depend 
on the origin of the si lica  fume. Depending on the electric arc furnace 
used in the sil icium production, the carbon may have more or less 
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unsaturated bonds.  These bonds are able to form charge -transfer-
complexes with PCE, which lead to  a larger need of dispersion.  
Furthermore, (Coppola, L. ,  1996) reported that the particle size 
distribution of si lica fumes with low carbon content were affected in a 
minor way by the presence of superplasticizer. In contrary, the particle  
size distribution of grey silica fumes became finer when the 
measurement was performed with superplasticizer. Thus the presence 
of carbon with more unsaturated bonds also lead to more agglomeration 
in the absence of superplasticizer. When PCE is added, a part will bind 
to the carbon and a part will be responsible  for a better dispersion of  
the particles, see also Figure 3- 4. 
Table 3- 4: Chemical and physical properties of the silica fume [wt.%]. 
 DSF USF WSF 
SiO2  94.73 94.97 96.53 
Fe2O3  0.71 1.88 1.11 
Al2O3  0.36 0.35 0.32 
CaO 0.20 0.19 0.19 
MgO 0.39 0.62 0.30 
Na2O 0.20 0.41 0.26 
K2O 0.90 1.45 0.84 
Alkali  0.79 1.36 0.81 
C 0.46 0.56 0.19 
SO3  0.27 NA NA 
Cl NA NA NA 
LOI 1.86 <3 NA 
SB E T  [m²/g]  15.51 20.64 18.9 
Form densified undensified  densified 
Age SF 
[months]  
18 2 2 







*Alkali equivalent: (Na2O + 0.658 K2O); NA= not available measurement; 
This is confirmed in the current  project, by the AFREM tests to 
determine the saturation dosage of superplasticizer (De Larrard, F. ,  
1996) for 90 vol.% silica fume DSF, USF or WSF and 10 vol.-% cement. A 
water-to-binder ratio of 0.55 was used. The lowest superplasticizer 
dosage was obtained for WSF, Table 3- 5, which support the statements 
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above. Due to the low carbon content of WSF, Table 3- 4,  less PCE is 
consumed and more stays available for dispersio n. Thus for grey si lica  
fumes more PCE is consumed by the higher carbon content so that a  
larger quantity  is necessary to obtain the same dispersion state as for 
white silica fume. In the AFREM method this dispersion state is  
translated into a stabilized funnel time . Namely, the better the 
dispersion of the particles, the higher their ability to fill  the interstices  
and the lower the amount of entrapped water in the agglomerates.  
Consequently, more water for the workability  is available . At a certain 
dosage stabilisation of the funnel time is reach ed. For WSF this occurs 
at a lower dosage than for DSF or USF.  
Table 3- 5: saturation dosage Glenium 51, 35% solids for different forms of silica fume 
and the packing density determined by centrifugal consolidation. 
 
PCE *  = mass PCE solution on mass powders;  α  = packing density ; 
From Table 3- 5 it  can be seen that with USF and WSF a similar  
maximum packing density  can be achieved . These values were obtained 
by centrifugal consolidation under saturated conditions  for 30 vol .-% 
silica fume and 70 vol.-% cement,  as is  the case for  MIX1,  Table 3-  6 ,   
§ 3.7 .  Thus WSF particles need less PCE to be  dispersed and if  fully  
dispersed they fi l l  up well  the interstices of the cement and thereby 
increase the amount of excess water available for the workability . The 
fact that DSF is densified and tested at an old age,  Table 3- 4, led to a  
lower packing density and a higher superplasticizer demand than the 
other two types. This is confirmed by the wet particle size distribution  
of DSF determined by laser diffraction, a ppendix A.2, which shows 
larger secondary agglomerates  and a smaller amount of primary 
agglomerates that fi ll  up the interstices , compared with WSF and USF  
(Diamond, S. ,  2006) . 
With this knowledge, the authors tested the performance of the 
different si lica fumes on MIX1, for a f ixed mass of Glenium solution on 
mass powder of 2.956% and a water-to-binder ratio of 0.185. The same 
 
DSF USF WSF 
PCE* [%] 5.998 4.384 3.118 
α [-] 0.687 0.708 0.703 
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mixing procedure as in Table 2- 2 was used. The tests were performed 
with cement C4,  Table 3- 2, as this cement gave the best results in § 3.3 .  
However due to its extreme low C 3A –  content it  was not conform (NBN 
EN 13263-1) where a C3A –  content between 8% and 12% is subscribed 
to determine the activity index  of silica fume. Furthermore, i f  the PCE 
demand of the quartz fi l ler is neglected (Sedran, T. ,  1999) the PCE 
demand of MIX1 with 70 vol.% cement and 30 vol.% DSF, USF or WSF 
was respectively 7.207%, 4.116% and 3.961%. These values are all well  
above the added 2.956%, indicating that the binders are not fully  
covered by PCE. The influence of the different types was first  assessed 
by the mini slump flow and the compressive strength on 28 days and 91 
days. Next, pastes were made with the different sil ica fumes and 
analyzed with thermogravimetric analysis (TGA) and isothermal 
calorimetry (Tamair) . The results of the workability can be found in 
Figure 3- 9.  
 
Figure 3- 9: Effect of different silica fumes on the workability of UHPC. 
As expected, the white  si lica fume (WSF) performed remarkably well .  A  
difference of 7  cm with the undensified sil ica fume was recorded. With 
the added amount of superplasticizer (2.956%), the WSF particles will  
be more covered with PCE than the  USF and DSF particles leading to a  
better dispersion of the WSF particles . This will improve the packing 
density and give rise to a better workability  as there is  more excess 
water available. As the water-to-powder ratio is kept constant between 
the mixtures and the specific surface of USF is larger than  WSF, more 
water is necessary to cover the USF particles with a thin water fi lm in 
comparison with the WSF particles  (Hunger, M., 2010) . Thus again less 
excess water is available for the USF particles.  The importance of both 
phenomena can be explained based on a paste mix with 30  vol.-% silica  








44 Chapter 3:  How to produce a  good UHPC?  
surface of 20.64 m²/g and a  maximum packing density of 0.708,  Table 3-  
5, 8.3% of  the total  amount of water will  be consumed by the USF 
particles to form a water film with a  thickness of  2.6±0.2 nanometer 
(Fennis, S .A.A.M., 2011). Thus 91.7% of the total water  is used to fi ll  the 
interstices of the mixture and cover the cement particles. As the cement 
is the same for all mixtures, it is clear that  changes in packing density 
will have more influence on the water demand than changes in the 
specific surface area of the powders. The poorer  packing density of DSF 
and USF due to a higher shortage of PCE leads to a lower mini slump 
flow compared with the UHPC mixture with WSF. The question can be 
raised, why the workability of the UHPC mixture with DSF is similar  
than the UHPC mixture with USF, considering a much higher PCE 
demand and a poorer packing density  of the DSF particles. At this point 
we only took into account the effect of the primary agglomerates fi ll ing 
the interstices  and increasing the packing density . However, as the mini  
slump f low is a dynamic test , the shape of the si lica  fume particles  and 
more specifically  the shape of the secondary agglomerates,  can also 
reduce the f low resistance . More spherical particles will  increase the 
workability by their roll  bearing effect  (Sakai , E. ,  2009)  (Lee, N.P.,  
2005). This is explained based on Figure 3- 10, were the larger 
agglomerates are  studied in Isopropanol . The WSF particles all have a 
clear surface edge and seem to be more monodispersed at this level than 
the other types.  In case of DS F and USF the larger particles are 
surrounded by fines. This difference can also explain the improved 
workability of the UHPC mixture with WSF compared with the mixtures 
comprising USF and DSF particles.  
 
DSF USF 
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Figure 3- 10: Optical microscopy images of DSF, USF and WSF dispersed in 
Isopropanol .  
Furthermore, the larger agglomerates of DSF seem more spherical than 
those of USF, which could be a reason why DSF re sulted in a similar mini  
slump f low as for USF despite its poorer packing density. The rol l  
bearing effect is certainly something to take into account, especially if  
we compare the form of a  si lica fume particle with a cement or quartz 
filler particle, see  appendix A.3. Thus, on the one hand the primary 
agglomerates can fil l  the interstices of the cement particles, leading to 
more excess water and a  higher workability.  On the other hand, the 
shape of the secondary agglomerates can increase the workability b y a  
roll bearing effect.  
Next, the inf luence of the different silica fumes is tested on the 
compressive strength of MIX1, Table 3- 6, at 28 days and 91 days on 
three cubes per mix with a  side of 100 mm, Figure 3- 11. Until the age of 
testing, the cubes were stored in a climate room at 20°C±2°C and 
95%±5% relative humidity.  At 28 days the UHPC mixture with densified 
silica fume (DSF) gave a low value compared to the mixture w ith 
undensified (USF) and white sil ica fume (WSF). Both mixtures 
comprising USF and WSF can be considered as UHPC, with a slightly 
higher compressive strength for the mixture with USF. At latter age, the 
gap between the different mixtures decreases as the UHPC with 
densified silica fume reaches a strength level around 150 MPa. The 
highest compressive strength at 91 days was obtained for the UHPC 
mixture with WSF, which experienced an increase to 169 MPa. In 
contrary, the compressive strength of the mixture with USF stagnated.  
No influence of the alkali or carbon content on the compressive strength 
WSF 
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was noticed as mentioned by (De Larrard, F. ,  1988) , (De Larrard, 
F. ,1992). 
 
Figure 3- 11: Effect of different silica fumes on the compressive strength of UHPC, MIX1. 
In order to understand the differences in strength evolution, extra data 
was collected on pastes of MIX3, Table 3- 6. The pastes were obtained 
by removal of the sand without a  correction according to  the CEM-
method. As this mix did not contain quartz fi ller , the hydration was only 
influenced by the PCE, silica fume and cement.  On these pastes  
thermogravimetric analysis (TGA), Figure 3- 12 and isothermal 
calorimetry (Tamair), Figure 3- 14 were performed. The thermo 
gravimetric analysis was conducted using a Netzsch STA 449F3. The 
sample was first demolded  and ground into smaller pieces. Next the 
samples were fi ltered in isopropanol  for 15 min to stop the hydration 
and dried with diethylether. The dried samples were then passed 
through a 63 μm sieve and finally stored in a desiccator. The TGA was 
carried out between 20°C and 1100°C in N2  atmosphere with the rate of  
heating at 20°C/min to determine the degree of hydration of the 
hardened paste at a  given age and to estimate the mass fraction of  
calcium hydroxide (CH) in the hardened paste . Measurements were 
made at a water-to-binder ratio of 0 .180 for hydration times of 0 .25 , 7 ,  
28, and 93 days.  The amount of portlandite was determined according to 
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decarbonation region. The multiple peaks that can occur after 500°C 
when solvent exchange is used as arresting method of the hydration 
reaction is not taking into account (Zhang, J . ,  2011).  







wt(CH) is the mass of  portlandite in the mixture, WL(CH) and 
WL(CaCO3) the weight loss due to the dehydration of the  portlandite  
and the calcium carbonate. These weight losses were situated between 
400°C –  520°C for CH and 600°C –  780°C for CaCO 3 .  M(CH), M(H2O) and 
M(CO2) are the molar fractions of  CH, H 2O and CO2 .  The amount of 
portlandite was compared to the amount of cement in the mixture.  This 
cement content was determined with equation (3.7):  
𝑀𝑐 = M𝑡𝑜𝑡 − 𝑀𝐻2𝑂𝑔𝑒𝑏 − 𝑀𝑆𝐹  (3.7) 
With M c  the amount of cement, M H 2 0 g e b  the total bound water 
determined between 105°C and 1050°C, M S F  the amount of silica fume 
which was equal to 0.25M C  and M t o t  the total mass of the sample tested.  
Figure 3- 12 indicates that the calcium hydroxide consumption by the 
silica fume is the highest for USF followed by WSF. Almost no 
consumption was recorded for DSF. This can explain the difference in 
strength evolution between DSF on the one hand and WSF & USF on the 
other hand, Figure 3- 11. Apparently the DSF particles provoke almost 
no reaction with water and CH. Consequently, a  lower strength is  
obtained compared with mix tures comprising WSF & USF as less 
secondary CSH is formed. A possible reason could be the old age of the 
silica fume, making it act as inert fi ller with a low ability of fi l ling the 
cement interstices. However at 93 days a strong increase in compressive 
strength for the mixture with DSF is recorded. This increase can be 
explained due to the presence of large agglomerates. These secondary 
DSF agglomerates stay in the mixture because their primary buildin g 
units are connected too strong  to get dispersed during the mixing 
process. As these secondary aggl omerates are built  up out of thousands 
of primary agglomerates, appendix A.2, they will capture some of the 
mixing water (Bonen, D. , 1994) , (Spiratos, N.,  2006) .  
48 Chapter 3:  How to produce a  good UHPC?  
 
Figure 3- 12: Weight fraction of Portlandite in pastes of MIX3 over time with three 
different silica fume forms. Results from thermogravimetric analysis. 
In this situation, the captured  water will  only be released when the 
relative humidity in the system is low enough, thus at later age (Nguyen, 
V.T. ,  2011). It  can thus be seen as an  internal curing. This statement is 
confirmed by Figure 3- 13,  where large clusters of  si l ica fume of several 
micrometres are present in the paste at an age of 7 days. In contrary,  
these clusters were not seen under the optical microscope for paste 
with WSF.  
 
Figure 3- 13: Large agglomerates of DSF in the paste of MIX3 at 7 days, which possibly 
entrap mixing water, to be released only when the gradient in relative humidity is large 
enough. (left: micrograph of WSF; right: micrograph of DSF). 
The water released on a later age by the densified silica fume particles 
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increase of the compressive strength. Besides the reduction of the early 
age strength and the fai lure in filling the interstices, these agglomerates 
should also be prevented because they can act as damaging ASR -reactive 
aggregates in the paste (Dia mond, S. ,  2006).  
The higher CH-value in the first days of hydration for the paste with USF 
is due to the higher specific surface of the USF particles Table 3- 4 ,  
leading to more nucleation sites to form CSH . As this type of si lica fume 
also has the highest CH consumption according to the TGA results, the 
highest strength could be expected for this mixture .  Figure 3-  11,  
however shows the opposite  at 93 days, at which the mixture with WSF 
gives the highest strength . For the pastes of  MIX3 at a water-to-binder 
ratio of 0 .179, a fixed mass of Glenium solution on mass powder of  
3.664% was used for 26  vol.-% silica fume and 74 vol.-% cement. Based 
on the results of Table 3- 5, the USF and DSF particles will be less 
saturated and lead to a lower packing density as for WSF. Consequently, 
a lower binder spacing factor exists  in the mixtures with USF and DSF, 
so that more CSH and CH has to be formed to obtain a structure 
compared with the mixtures comprising  WSF (Fennis, S .A.A.M., 2011) . 
Despite the fact that USF consumes more CH, the larger distance 
between the binder particles gave a lower compressive strength. This is  
clearly seen at 93 days.   
Next, isothermal calorimetry tests were  carried out according to (ASTM 
C 1679-08) to obtain information on the heat evolution under adiabatic 
conditions and the setting of the different pastes .  The measurements 
were performed in an eight channel Thermal Activity Monitor (TAMair)  
instrument using glass ampoules. About 11 g of the prepared paste was 
introduced into the channels some minutes after their preparation . The 
results are visualized in Figure 3- 14.  It can be seen that the 
acceleration curve corresponding to the alite and aluminate hydrati on 
(Sandberg, P. ,  2003) of pastes  with USF evolves faster compared with 
DSF and WSF. Nevertheless, the induction period is the same for all  
pastes and ends around 23h30min of monitoring .  It  is known from 
literature that superplasticizers affect the dissolution -precipitation 
mechanisms of cementitious systems (Robert,  L.R . ,  2007) (Cheung, J . ,  
2011). Furthermore,  i t  can be assumed that the si lica fume particles 
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adsorb a higher amount of PCE than the cement particles (Schröfl,  Ch. ,  
2012). As the PCE demand according to the AFREM method is higher for 
USF than for WSF, more PCE will be available for the cement in the la st 
mix. The higher amount of  PCE available for cement in the mixture with 
WSF can retard the hydration more than in the case of the mixture with 
USF. As proposed by (Cheung, J . ,  2011) the presence of PCE can retard 
the diffusivity of water and calcium ions at the cement surface  or 
change the growth kinetics and morphology of the hydrated phases .  This 
can be a possible explanation of the difference in heat evolution of the 
paste with USF and WSF, however more research is necessary to confirm 
this mechanism.  
The above discussion does not hold in case of pastes made with  DSF. 
Namely, the acceleration curve evolves slower for DSF, despite its  
higher PCE demand compared with USF, Table 3- 5 . For this we recall,  
the fact that the DSF particles entrap mixing water as the agglomerates 
are not well  dispersed during the mixing procedure.  This leads to a  
lower hydration peak in the beginning. In time, this water is given back 
to the system, which leads to a similar hydration degree in time.   
Furthermore,  it is noticed that the sulfate depletion shoulder occurs 
before the si licate peak.  This was observed for all curves and is 
indicated for USF in Figure 3- 14. The water absorbed by the calcium 
aluminate hydrates after the depletion point is no longer  available for 
the formation of CSH and CH. Furthermore, these aluminate hydrates 
tend to cover the alite, consequently an excess of aluminate hydrates 
may retard or partly prevent the onset of the strength giving alite  
hydration (Sandberg, P.,  2003). The reason why the sulfate depletion 
shoulder is  situated before the si licate peak can be due to the high 
amount of PCE. The presence of these polymers on the mineral 
components can change the solubility  rate of the alkali and calcium 
sulfates (Roberts, L.R. ,  2007). This can lead to a shortage of sulfates in 
the pore solution to form ettringite and temper the aluminate reaction 
during the acceleration curve, Figure 3- 14.  
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Figure 3- 14: Isothermal calorimetry (Tamair) on the pastes of MIX3 with three different 
silica fume forms. (arrow indicates the sulfate depletion shoulder based on Figure 4 in 
the work of Sandberg, P., 2003). 
Of course, this  discussion introduces a duality in making UHPC. On the 
one hand superplasticizer is necessary to make th e mixture workable 
and placable. On the other hand it can decrease the robustness of the 
mixture and make it more sensitive to changes in chemical composition 
and proportioning. The latter will have an influence on the mechanical  
performance, as mixtures close to the “edge” are characterized by a high 
variability in concrete setting time and strength development 
(Sandberg, P.,  2003). This matter will a lso be discussed in CHAPTER 5.  
Finally, i t can be remarked that the setting time of the ultra -high 
performance paste is significantly prolonged due to the high amount of 
superplasticizer , Figure 3- 14. The setting time could be reduced by 
using a different superplasticizer or by for example  nano-si lica with a  
specific surface between 200 and 250 m²/g. As this specif ic surface  is  
ten times more than the un densified silica fume, Table 3- 4 , the 
particles will absorb a large part of the PCE . Furthermore, the presence 
of nano-silica and superplasticizer increases the product formation of  
belite according to diffuse reflectance Fourier transform infrared (DR-
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Figure 3- 15: Influence of nano-silica on the setting time of a paste with a water-to-
binder ratio of 0.2 and without the addition of silica fume. 
 
 
igure 3- 16: TEM image of the nano-silica used in Figure 3- 15, the particle size 
distribution is difficult to obtain at this level. 
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As a result the setting time is reduced and the hydration peak increased.  
This is shown in Figure 3-  15 for a paste with a water-to-binder ratio of  
0.2 and without si lica fume. For a low amount of nano -si lica (0.5%-wt.  
cement) it was possible to increase the workability from 34 cm to 36 
cm, probably due to a better packing. The la tter is however difficult to 
prove, as the particles are extreme small , igure 3-  16. The strength of  
the paste increased from 120 MPa without the addition of nano si lica to 
130 MPa for a dosage of nano silica equal  to 0.5%-wt. of the cement at 
28 days. 
3.5. What is a tailor made superplasticizer? 
Due to  the low water-to-binder ratio and high amount of cement and 
other fine powders in ultra-high performance mortar,  a workable 
mixture is only possible by the use of a 3 r d  generation superplasticizer.  
As indicated in Figure 3- 17, such a  polymer can be used in a  mixture to 
obtain a higher slump f low for the same water -to-cement ratio (b) or a  
higher strength and durability for a lower  water-to-cement ratio  (a). In 
case of ultra-high performance mortar both options will be addressed  
(c).
 
Figure 3- 17: Effect of superplasticizer on UHPC. (a) reduction of W/C gives a higher 
strength and durability, (b) a higher slump flow can be obtained for a constant W/C, (c) 
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In this project polycarboxylate ethers are used and tested on their 
compatibility with MIX1, Table 3- 6. In §3.3 and §3.4 a lot of information 
is already given on how superplasticizers can influence the workability 
of UHPC. These paragraphs mainly focus on how the chemical 
composition (alkali -content, C3A-specific surface, SO 3-content and 
carbon content) of  the cement and the si lica fume influenced the effect 
of one single PCE on the properties of the fresh UHPC. This paragraph 
will give a condensed overview on PCE’s with different molecular 
structures and their effect on the workability of MIX1.  
The paragraph will be divided in two parts, first the initial adsorption 
will be discussed, next the effect on the slump life will be covered.  
The initial adsorption of the polymer depends on three factors:  
  The ionic strength of the polymer (number of carboxylic groups)  
  The f lexibility/stiffness of the backbone  
  The steric effect (number and length of side chains)  
These factors can easily be understood based on Figure 3- 18, which 
illustrates the adsorption of PCE on the surface of a silica fume particle.  
Depending on the amount of carboxylic groups and thus negative 
charges on the polymers backbone, a faster adsorption on the calcium 
ions will  be registered. As the pow ders have a certain surface texture 
(Hunger, M., 2010), see appendix A.3, the more flexible backbones can 
connect better to these surfaces. Besides this, the presence of a high 
amount of long side chains introduces a steric hindrance for the 
polymer to adsorb properly n the surface. This can be understood by the 
fact that the adsorption of a PCE with long side chains is accompanied 
by a loss in entropy, due to a higher reduction in conformational 
flexibility.  Consequently,  a higher Gibbs free energy (ΔG) is  pertinent,  
which makes the adsorption less favored (Lesage, K. ,  2014).  
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Figure 3- 18: Adsorption of PCE on the surface of silica fume particles (Plank, J., 2009). 
Furthermore, the PCE will  have a preferential adsorption on the  si lica  
fume, cement or fi l ler particles. Namely the type of surface which 
provides the best steric match with the molecular configuration of the 
PCE molecule will attract more PCE than others (Schröfl,  C. ,  2012). An 
example is  given in Figure 3- 19, where a predominant adsorption of a  
methacrylic ester on the cement particles and a predominant  adsorption 
of an allylether on the silica fume particles is  visualized. As the 
adsorption of PCE on a powder particle conce rns a surface interaction,  
the specific surface area of the different powders will  play a major role .  
Silica fume has a much higher specific surface area than the cement 
particles and quartz fil ler, consequently a proper dispersion of the sil ica  
will be very important for the f luidity of UHPC. Of course the presence 
of PCE will lead to the dissolution of many small ettringite particles (<  
500 nm) which stay in the pore solution during the first hours (Zingg,  
A.,  2008). This means that the most important adm ixture is  a type of 
PCE which effectively disperses si lica fume (Schröfl,  C. ,  2012), (Lesti ,  
M. , 2010) but also the ettringite particles  (Zingg, A.,  2008),  (Ferrari , L. ,  
2014). This is an extension of the knowledge concrete technologist have 
for traditiona l vibrated concrete  and self -compacting concrete , were the 
PCE only has to be compatible with the cement. Thus when different 
mineral surfaces are present in a concrete mix, a combination of  
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different PCE’s with different molecular structures should be 
considered in order to get a good workability and a  possible  reduction 
in superplasticizer content.  
 
Figure 3- 19: Preferential adsorption of a blend of methacrylic acid esters-based PCE and 
of allylether-based PCE on cement and silica fume particles when a combination of both 
PCE polymers is applied in the UHPC mixture (Schröfl, Ch., 2012). 
Another important issue in the adsorption of  polymers is th e 
competition with other anions in the pore solution of the fresh mixture. 
As the sulfate molecules are small and carry two negative charges they 
can strongly compete with the PCE, as discussed in § 3.3.  (Cheung, J . ,  
2011) refers to a correlation elaborated by Flatt  et al .  between the 







In formula (3.8) Pe  stands for the average ethylene oxide units per side 
chain, N is the number of  backbone  monomers per side chain and SSP is 
the sulfate sensitivity parameter, which indicates the average change of  
the normalized yield stress after the cyclic addition of CaCl 2  and Na2 SO4 .  
From formula (3.8), it can be seen that the sul fate sensitivity decreases 
in case of short side chains (P e<<). In case of highly grafted polymers 
(N<<) the sulfate sensitivity increases and becomes even more 
dependent on the side chain length. Thus PCE’s with a high grafting 
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degree and long side chains ,  not only adsorb more difficult ly  on the 
mineralogical surfaces, they are also more susceptible to sulfate 
variations.  
In general , depending on the architecture of the polymer,  the reactivity 
of the cement and the sulfate content in the pore solution , see §3.3, the 
distribution key between the amount of PCE in the three different 
reservoirs indicated in Figure 3- 20 will change.   
 
Figure 3- 20: Three reservoirs of superplasticizer, part 1: PCE remaining in the solvent; 
part 2: PCE coprecipitated with CAH; part 3: PCE adsorbed on the mineralogical surface 
(Lesage, K., 2014). 
A first part of the superplasticizer stays in the solvent and is not 
consumed on the surface . This part can have a possible inf luence on the 
rheology of the fresh UHPC mixture (Hot, J . ,  2013) , (Ferrari , L. ,  2011)  or 
prevent nucleation of CSH in the pore solution, but will not interact 
with the cement or si lica fume particles. A second part is consumed by 
early calcium aluminate hydrates  (CAH), especially if  a lack of sulfates 
is present in the pore solution. A last part will absorb proper ly on the 
mineralogical surfaces and introduce an electrostatic repulsion and 
steric hindrance between the different cement, si l ica fume and fil ler 
particles.  The share of  these two models of binding can be determined 
by a combination of a zeta potential measurement and an atomic force 
microscope (Uchikawa, H.,  1996). For a polycarboxylate eth er, the 
repulsion between the powder particles is mainly caused by the steric 
hindrance of the side chains.  
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In the second part  of this paragraph, the influence of different 
superplasticizers on the slump life of MIX1 will be investigated.  In 
general, three different modes can be differentiated ,  Figure 3- 21 .  PCE’s 
that have the purpose to reduce the water content have in general a  
high initial  adsorption and a fast decrease of  the slump f low. 
Superplasticizers that  serve to keep a long slump flow, have a slow 
initial  adsorption and a  slow decrease of the slump f low. Finally,  
polymers that are added to control the slump flow, have a slow initial  
adsorption and an increased slump flow over time . Depending on the 
purpose for which the fresh concrete is  to serve (in situ or 
prefabrication), a combination of the differen t modes can be considered.  
With this information five superplasticizers were selected from two 
suppliers and tested on their compatibility with the powder s of MIX1. 
Therefore, the slump life was recorded for one hour after the addition of 
water and superplasticizer to the dry materials. The PCE dosage wa s 
increased slightly from 1.36% -wt.  to 1.50%-wt.  of the cement. The same 
mixing procedure as in Table 2- 2 was applied. Before each mini slump 
flow, the mixture was remixed for 1 minute at 6 m/s to remove 
thixotropic effects in order to test only the influence of the PCE over 
time. The extra mixing time was assumed no t to increase the 
workability of  the mixture as the dispersion during the intensive mixing 
phase was done properly,  this was also shown in (Schiessl , P.  2007). The 
PCE’s were tested at the same dosage. As the architecture of the 
superplasticizers was diffe rent,  see appendix A.4 , a different PCE 
coverage of the particles can be expected. According to (Flatt , R. ,  2001) 
this approach cannot lead to a sound understanding of the dispersing 
power of the different absorbed molecules and saturated particles 
should be pursued. However, in practice different PCE’s are often tested 
in unsaturated conditions and at the same dosage due to economic 
reasons. For this reason the slump life test shown in Figure 3- 22 can be 
justified.  
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Figure 3- 21: Three different modes for the slump life of a mixture introduced by a PCE. 
The highest in itial spread was obtained with PCE 5, which reached a  
maximum value at 20.5 minutes and loses its workability after wards.  
This behavior is typical for a water reducer. The lowes t initial spread 
was noted for PCE 4, nevertheless this superplasticizer reached the 
highest spread value after 40.5 minutes and then started to decrease.  
This behavior refers to a spread controlling superplasticizer. PCE 1 and 
PCE 3 had a similar behavior , showing an average initial spread that 
keeps increasing in time. This evolution is inherent for a combination of  
a spread keeping & controlling superplasticizer.  PCE 2 gave a low but 
stable spread during the test period, nevertheless it underperformed 
compared with the other PCE’s.  
 
Figure 3- 22: Effect of different PCE’s on the slump life of MIX1 at a constant dosage (% 
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From the above discussion, i t becom es clear that superplasticizers can 
be tailor made for a specific mix design and application. Especially for 
ultra-high performance mortar it is important to choose a good PCE to 
liberate enough water for the workability over a desired period 
whereafter it  can be used for hydration. In conclusion, the architecture 
of the PCE should be chosen based on its sulfate sensitivity and the 
sulfate balance in the pore solution, the different supplementary 
cementitious materials ,  the desired initial slump f low and slump life.  
3.6. How to prevent transgranular cracks in this ultra-
strong matrix? 
In the early development phase  of ultra-high performance mortar , the 
aggregate content was  limited and was mainly composed out of fine 
quartz sand (Richard, P. ,  1995). This mix des ign was called reactive 
powder concrete (RPC) as the powder content was extr emely high 
compared with other concrete types . The fine quartz sand was used to 
decrease the size of  microcracks originating at the paste/aggregate 
interface were the tensile stres ses during a compression force are high.  
Besides this,  the quartz particles  themselves  also contained less cracks 
which could grow into the matrix during the compression test .  The 
absence of  larger aggregates also reduces the presence of the interfacial  
transition zone (Cwirzen,  A.,  2006) , which is known as a weak spot .  
Furthermore, the aggregates did not form a rigid skeleton due to an 
excess of paste . Consequently, the global shrinkage is less blocked by 
the rigid skeleton than in traditional concrete , inducing less cracks due 
to autogenous shrinkage (Richard, P. ,  1995). However, the high binder 
content is indicated as one of the major disadvantages.  First of  all i t is  
in contradiction with the current ecological trend. Secondly, the high 
dosage of cement and lack of  coarse aggregates sti ll  causes high 
autogenous shrinkage  values and an increase in heat of hydration,  both 
of which might induce cracks.  Finally it can lead to a high amount of  
entrapped air (De Larrard,  F.,  1999) , (Collepardi , S. ,  2004), (Cwir zen, A.,  
2006). In order to overcome these drawbacks,  coarse aggregates can be 
added to the mixture . To assure the performance of the concrete , an 
optimization of the packing density should be performed, based on  the 
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interaction curve of the coarse and fine aggregates , see §3.2.  
Furthermore,  the quality of the aggregate should also be safeguarded.  
Due to the strong cement paste and the ultrafine particles as silica fume , 
a good interfacial bond between the paste and the aggregate is possible .  
This means that cracks may extend through the aggregate as they 
become the weakest link of the mixture (Aydi n, S .,  2010). Thus, different 
from normal concrete , the type of aggregate plays an important role on 
the compressive strength of  UHPC. For this mortar, aggregates with a  
high number on the mineralogical scale of Mohs should be selected.  
Moreover, they should have a good surface texture to improve the 
interlocking between the paste and the aggregate. In general , the 
maximum size of the aggregates is limited to 4 mm à 8 mm (Collepardi,  
S. ,  2004), (Aydin, S .,  2010) to prevent wea k spots in the mixture. This is  
the reason why the author refers to an ultra -high performance mortar 
but stil l uses the abbreviation UHPC as it is c ommonly used in 
literature.  
In this project, several aggregates were added to MIX2, Table 3- 6, and 
their performance was validated by studying the compressive strength ,  
Figure 3- 23. For each aggregate  type, three cubes with side length 100 
mm were tested at an age of 28 days. Unti l  this age the cubes were 
stored in a climate room at 20°C±2°C and 95%±5% relative humidity.  
The particle size distribution, the density and the chemical composition 
can be found in appendix A.5.  
 
Figure 3- 23: Influence of different aggregate types on the compressive strength of MIX2, 
Table 3- 6. 
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Similar as in (Cwirzen, A.,  20 06) and (Aydin, S. ,  2010) , the highest 
compressive strength was obtained for bauxite , Figure 3- 23. According 
to the first author this can be related to the rough external surface  
(appendix A.5), i ts high strength (scale of Mohs = 8.5) and the high 
water up-take which can lower the local  water -to-binder ratio and 
improve the ITZ.  Also korund performs well ,  which can be attributed to 
its high strength (scale  of Mohs = 9) and the fact that the aggregate 
particles were smaller compared to the other aggregates , appendix A.5 . 
However, the use of bauxite or korund increases the production cost of 
UHPC significantly. For this reason, basalt  and porphyry are more 
interesting. Despite the drop in compressive strength due to t he lower 
strength of these aggregates, the y sti l l allow the production of  ultra-
high performance mortar .  Moreover, the basalt and porphyry are less 
expensive and the aggregates can be more easily found in Belgium. The 
gravel performed least , which is probably due to its lower intrinsic 
strength and its  smooth surface, appendix  A.5 , which presumably gave a 
low interlock between the aggregate and the surrounding paste .   
If  we compare MIX3 with MIX1 and MIX2 of Table 3- 6, we see a  
reduction in cement content. In MIX1, this reduction is obtained by the 
replacement of cement by quartz fi ller . An even higher cement reduction 
was obtained by the addition of  a coarser aggregate in MIX2. Thus a  
slight reduction in strength,  Figure 3- 23, due to the presence of  basalt  
leads to a significant reduction in carbon dioxide emission without 
changing the compressive strength drastically , see also Figure 5- 1.  
3.7. Selection of the mix designs 
Several authors have performed an optimization based on the above 
criteria but with slightly different materials as in the previous sections .  
Nevertheless,  the optimization is done in a similar way. They all  
selected a good cement and silica fume according to the principles of  
§3.3 and §3.4. The packing density of the quartz fi ller, cement and si lica  
fume is optimized by a wet method as in §3.2 . The same is done in case a  
sand and a fine aggregate are combined but with a dry method. 
Furthermore,  the compatibility of the PCE and the binder system is 
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validated in order to obtain a good work ability at a low water-to-binder 
ratio. Finally a proper aggregate is chosen to provide a good ITZ with 
the surrounding matrix and  prevent transgranular cracks.  In this project 
some of the mixtures found in literature  are used to evaluate the effect 
of vacuum mixing. Similar materials that could be provided by Belgian 
companies were selected and the volume propo rtions were kept 
constant. Besides this, two reactive powder concretes were elaborated 
at the Magnel Laboratory for Concrete Research.  MIX6 was used to find 
a suitable cement type, § 3.3 and MIX7 was composed to check the 
potential of a full  optimization with materials  that could be delivered by 
Belgian companies . The last mixture is thus the result of an optimization 
with the materials used in CHAPTER 3. As this optimization was only 
finished at the end of  the research period MIX7  was little  used in the 
next chapters.  The different mix designs can be found in Table 3- 6.  
Table 3- 6: UHPC mix designs used in this thesis. The proportions are given for 1 m³ of 
mortar. 
(kg/m³) MIX1 MIX2 MIX3 MIX4 MIX5 MIX6 MIX7 
Cement C4 721 632 / 868 840 792 881 
Cement C3 / / 892 / / / / 
DSF 226 198 223 217 / 182 / 
WSF / / / / / / 232 
SSF / / / / 336 / / 
Quartz Sand 0/0.5 mm 992 434 981 / 339 871 853 
Quartz Sand 0/0.4 mm / / / 912 / / / 
Porphyry 2/4 mm / / / / 785 / / 
Basalt 0/4 mm / 870 / / / / / 
Quartz Filler M400 180 158 / / 84 / 256 
Quartz Filler M500 / / / / / 216 / 
Quartz Filler M800 / / / 217 / / / 
Quartz Filler D6 / / / / / 93 / 
PCE 1* 28 27 41 44 / 42 43 
PCE 3* / / / / 24 / / 
Water** 157 133 194 155 0 138 156 
W/B 0.185 0.180 0.174 0.170 0.180 0.170 0.165 
C/A 0.73 0.49 0.91 0.95 0.75 0.91 1.03 
Afresh*** 3.9 3.2 3.6 4.7 3.9 2.8 3.0 
Slump flow [mm] 183 193 212 140 175 293 240 
*Suspension;  
**Water compensated for water present in superplasticizer and silica fume if applicable; 
***Afresh = fresh air content; 
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MIX1 and MIX2 were adopted from (Schmidt,  M.,  2005), MIX3 from 
(Richard, P . ,  1995), MIX4 from (Wille, K. ,  2012) and MIX5 from (Piérard,  
J . ,  2013).  The particle  size distribution , density and chemical 
composition of the quartz filler s can be found in Appendix A.6. The 
suspended silica fume (SSF), was a slurry of undensified silica fume 
particles with a solid content of 50%.  In Table 3- 6 , the fresh air content 
of each mixture is included as well as the  value of the mini slump flow.  
The air bubbles in the UHPC mixtures will undergo a high f low 
resistance (indicated by the low slump flow in Table 3- 6) when they 
want to escape under the gravitational force. Consequently, a lot of air  
stays behind in the UHPC mixture  even when a strong and compatible  
polycarboxylate ether and the addition of aggregates is used. This high 
air content can introduce some negative effects,  for UHPC:  
1. The presence of air  bubbles can decre ase the mechanical  
performance of  UHPC. Furthermore, i t can  affect the standard 
deviation on the compressive strength (Wille , K. ,  2011). This 
will be even more pronounced for the tensile strength as the 
critical f law length increases, see § 5.1.3 and §5.1.4.  
2. Air voids in the vicinity of the steel bar produce local  
differences in oxygen concentration or pH that could accelerate 
the degradation of the steel. Especially , w hen the concrete cover  
thickness is reduced due to the low permeability of UHPC 
(Piérard, J . ,  2013), as in case of slender foot bridge decks,  
danger on chloride induced pitting corrosion can exist .  
3. The packing density of powders has to be determined by a wet 
measuring technique (Fennis, S.A.A.M., 2011) . Herein, the 
amount of  water necessary to fil l  the pores and cover all the 
particles with a thin water fi lm is measured. Based on this 
amount the maximum packing density is calculated , thus 
assuming that all the pores are fil led with water .  However, as 
these measurements are performed at very low water-to-binder 
ratios, i t is understandable  that not all the air bubbles are fil led 
by water as indicated by (Wong, H.H.C, 2008). Thus the presence 
of entrapped air  due to a low workability (Wille,  K. 2011) leads 
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to an overestimation of the packing density  of powders 
determined with currently available wet measuring techniques .  
Consequently, packing models (De Larrard, F. ,  1999) become 
less accurate due to the fact th at they do not take into acco unt 
the effect of this entrapped air.  
4. The presence of air  bubbles can also have an aesthetic 
disadvantage.  It can change the surface of the concrete structure 
in an undesirable way,  especially  if  a  smooth surface without 
artifacts is desired by the architect.  
For these reasons, it can be useful to make UHPC mixtures under a  
reduced air pressure as described in § 2.2. After a full optimization as 
discussed in the previous para graphs, vacuum mixing can be a new 
resource to improve the mechanical  performance without applying any 
special curing afterwards.  Such a full optimization with materials that 
could be delivered by Belgian companies gives rise to MIX7 of, Table 3- 
6. By the use of white silica fume, a fine quartz sand and filler, a  
compatible superplasticizer, a suitable cement,  a powerful mixing 
device with the ability to mix under almost vacuum conditions a  
compressive strength of 173 MPa ( s = 0.2) at 28 days was reached 
without any special curing, stitching effect of fibers or additional 
pressure during setting. In future work, w et packing measurements 
should be performed in a closed system under a reduced pressure, as 
this will give a more accurate packing density of the powder s.  
Consequently, this will lead to a better prediction of the concrete 
properties by packing models.  In the next chapters the influence of  
vacuum mixing on the pore structure,  the mechanical performance and 
the workability & rheology of UHPC will be investigated. 
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CHAPTER 4. COMPARISON 
BETWEEN TECHNIQUES 
ALTERING THE PORE 
STRUCTURE OF (U)HPC 
 
4.1. Definitions of the different types of pores 
In this chapter different techniques are applied to alter the pore 
structure of (ultra)  high performance mortar . All  the mixtures were 
mixed in the 5 liter capacity mixer, Figure 1- 1. As mentioned in  
CHAPTER 2 , an air content reduction can be useful for ultra -high 
performance mortar . The effect of this technique on the pore structure  
is investigated . In regions exposed to freeze-thaw cycles the resistance 
of concrete can be improved by the addition of an air-entraining agent.  
As this agent introduces air voids to reduce the pressure caused by ice  
formation, i t will also change the pore structure of concrete. Besides 
this, the pore distribution  can be changed by applying a heat treatment.  
This is often performed in case the precast industry has the need to 
demold specimens at an early age . The technique will densify the CSH 
building units  and makes si lica  fume more active. Consequently a  
difference in pore- and microstructure can be expected. As these  
techniques will changes the pore structure on a dif ferent level with or 
without an overlap , it is useful to summarize the dif ferent pores present 
in cementitious materials . This is not an easy task, as the pore 
distribution has the widest  range of all constituents . It starts at the 
nano-level and goes up to several m illimeters.  Furthermore,  techniques 
that alter the pores on a different level will change other concrete 
properties like the mechanical performance, shrinkage  or creep. The 
discussion of the different pores is based on the multiscaling app roach 
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of (Jennings, H.M., 2011) and the work of (U lm, F.J . ,  2004), Figure 4- 1.  
Their model is not conclusive, but provide s a state-of-the-art of our 
current knowledge. In this model t he different pores present in a 
concrete specimen are discussed systematically. The explanation starts 
with the building units and its components (level 0) and ends at the 
concrete level ( level III) . For each level the size range of the pores is  
given. The concrete properties inf luenced by a change in amount of 
pores at a specif ic level are also discussed. Finally, the resolution of  
different techniques to measure the porosity of  cementitious materials  
are listed. This enables the reader to select a  specific measuring 
technique for a specific level.  
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Figure 4- 1: Visualization of the different pores in a cementitious material based on a 
multiscaling approach. Starting from nanoporosity up to entrapped and entrained air 
bubbles. (Jennings, H.M., 2000), (Jennings, H.M., 2008a), (Jennings, H.M., 2011). 
LEVEL 0 (10 - 9-10 - 1 0  m): Recent work of (Jennings, H.M., 2008 a), 
(Jennings, H.M., 2011) indicate s that the nanostructure of CSH arranges 
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simplicity of Figure 4-  1, these building units are represen ted as 
spheres, but are in fact particles with a brick like shape and a thickness 
of 4.2 nm formed of CSH sheets  (green part)  and interlayer water with 
intraglobular pores (white part).  According to (Ramachandran, V.S.,  
1981) this interlayer space has an average width between 0.28 nm -  
0.32 nm for a water-to-cement ratio of 0 .4 to 0 .5. The CSH sheets have 
an average thickness of 1.1 nm according to (Jennings, H.M., 2008b).  
These basic units are ordered in a globule with small  gel  pores 
(interglobular pores) between the different units with a length of 1-3 
nm, Figure 4- 2.  The total porosity of a globule is 18% and is  a  
characteristic of the  CSH irrespective of the packing structure of the 
CSH globules (Ulm, F.J . ,  2004).  This granular structure of CSH is able to 
explain a lot of the available data obtained by sorption isotherms 






LEVEL I (<10 - 6  m): at the next level , the globules tend to floc together 
in a low density (LD-CSH) or high density (HD-CSH) arrangement. The 
low density CSH is formed in an early stage and the high density CSH in 
a later stage of the hydration. This level is the smallest material length 
scale that is presently accessible by mechanical testing, i .e .  
nanoindentation (Ulm, F.J . ,  2004). The difference between both CSH is 
the packing of the globules. The voids between the globules are the  
large gel pores of 3-12 nm, Figure 4- 1 . It is in the large gel  pores of the 
HD-CSH that the nano portlandite mentioned in §3.2 is embedded and 
serves as a  mechanical reinforcement of  the  CSH (Vandamme, M.,  2010).  
The size of the globule flocs is between 30 -60 nm depending on drying 
and age, this is about the same size features seen using an atomic force 
Intraglobular pores 




or small gel pores 
4.2 nm 
Figure 4- 2: Globule formed out of basic units and interglobular pores. The basic units 
consist out of CSH sheets and intraglobular pores with interlayer water. (Jennings, H.M., 
2008a), (Jennings, H.M., 2011) 
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microscope (Jennings, H.M.,  2008a). The gel porosity of the LD -CSH is 
roughly 37% and 24% for the HD-CSH (Ulm, J .F. ,  2004).  
LEVEL II (<10 - 4  m): This level refers to the cement paste , which 
consists of  the porous CSH matrix, the unhy drated cement particles,  
large portlandite crystals,  aluminates and the macro porosity referred 
to as capillary porosity , C in Figure 4- 1. In this figure, only the CSH-
matrix and the capillary pores are visualized. The latter are left behind 
after the excess water, not needed chemically , but needed for the 
flowability ,  has evaporated from t he concrete . As UHPC has a ver y low 
water-to-binder ratio a  low capillary porosity can be expected. The 
flowability in these mixtures is guaranteed by the strong PCE, making 
the water available in the first  minutes after mixing. After the desired 
slump life, most of the water will be used chemically to form CSH and 
CH. Furthermore, this level also comprises the hollow-shell pores 
formed from phenograins for which the formation of  hydrates generally  
occurs in the capillary pore space, i .e. as outer products.  This hydration 
mode leaves an area of low density and highly porous fragile inner CSH 
products between the anhydrous cement core and the outer shell  
(Gallucci ,  E.,  2010).  Such cement grains are  also called Hadley grains 
(Hadley,  D.W., 2000).  Their range of pore diameters  between 1 µm and 
15 µm (Kjellsen, K.O. , 1996) overlaps with that of  the capillary pores.  
Nevertheless as these pores are the remnants of cement grain s they will  
have a similar shape which makes it feasible to distinguish them from 
the capi llary pores with an imaging technique (Holzer, L.,  2006) .  
Moreover,  capillary pores refine during hydration,  while the hol low-
shell pores stay constant  in case of cement-sil ica fume systems. This 
difference was used by (Kjellsen, K.O. , 1996) to estimate the amount of 
hollow-shell pores. Finally, i t is clear that hollow shells can be 
considered to be a third type of intrinsic pore s of  cement hydration 
along with gel and capillary pores.  
LEVEL III (>10 - 3  m):  this level refers to the mortar and concrete, which  
is a composite  material  composed of  a porous cement paste matrix and 
sand particles in case of mortar or aggregate inclusions in case of  
concrete (Ulm, F.J . ,  2004) . The pores on this level can have a different 
origin and can be separated in three groups. First , an interfacial  
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transition zone (ITZ) will exist between the inclusions and the 
surrounding matrix. The presence of an ITZ is caused by the wall effect 
introduced by the inclusions as the cement particles cannot pack in a  
similar way as in the bulk matrix.  The addition of  fine particles such as 
silica fume can decrease the width of the porous ITZ -zone and thereby 
increase the mechanical performance, see § 3.4. Secondly, air bubbles 
get entrapped in the morta r or concrete during the mixing process and 
the casting of the specimens. Depending on the type of concrete 
different techniques can be applied to reduce this kind of air, see § 2.1.3. 
Finally,  air bubbles can be  entrained to increase the freeze -thaw 
resistance of the concrete. These air bubbles are visualized as green 
circles in Figure 4- 1, level III .  
The multiscale approach elaborated by (Jennings, H.M., 2011) ena bles to 
point out the wide range of pores present in concrete or mortar. 
Different techniques as vacu um mixing, air entrainment and  heat curing 
will possibly alter the pore structure on a different level . A change in 
the amount of intraglobular pores, small or l arge gel pores, capillary 
pores,  entrapped or entrained air bubbles will change different paste 
properties as indicated by (Minde ss, S. ,  2002), (Boel, V.,  2006) and 
summarized in Table 4- 1.  
Table 4- 1: Paste properties affected by changing the volume fraction of a certain pore 









Pore type Pore diameter Paste properties affected 
 
Up to 0.5 nm Shrinkage, creep at all RH 
 
0.5 nm to 2.5 nm Shrinkage, creep at all RH 
 
2.5 nm to 10 nm 
Shrinkage between 50% 
and 80% RH 
 
10 nm to 50 nm 
Strength, permeability, 
shrinkage at high RH > 
80% 
 
50 nm to 10 µm Strength, permeability 
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In order to know how the pore size distribution  is changed by vacuum 
mixing, air entrainment or heat curing , several measuring techniques 
are described to quantify the amount of pores in the mixtures. As the 
pore size distribution is the widest of  all constitue nts, a combination of  
techniques has to be used to obtain insight in the total evolution of the 
pore size distribution.  In Table 4- 2 a distinction is made between on 
the one hand techniques who use an intrusion me dium as water vapor,  
nitrogen or mercury to obtain information on the pore structure  of the 
specimen (bottom part of Table 4- 2). On the other hand, the top part of  
the table represent s measuring techniques based o n X-ray, light or 
electron diffraction. In this project both types of measurements will be 
used.  As mercury intrusion porosimetry (MIP) has a large measuring 
range from 100 µm down to 7 nm, it will be performed on the specimens 
subjected to a heat treatmen t, vacuum mixing or air entrainment . As 
several difficulties arise  in the interpretation of the pore size 
distribution from MIP, this method will be valida ted with diffraction 
techniques and sorption isotherms.  
Table 4- 2: Measuring range of the different techniques currently available to determine 
the amount of pores in cementitious material. 
Pore dimension 1 nm 10 nm 100 nm 1 µm 10 µm 100 µm 1 mm 
Air void analyser 
 

















       
Focused ion beam 
nanotomography 
       
Sorption isotherms 
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A combination of  several techniques is necessary ,  as the measuring 
range of only one diffraction technique is not large enough to cover t he 
range of MIP. In a first attempt, 2-dimensional measuring methods are 
performed. A combination of air void analysis (AVA), f l uorescence 
microscopy and environmental scanning electron microscopy (ESEM) 
(Ye, G. ,  2002) are investigated.  Next, microfocus X-ray computed 
tomography is used to obtain 3-dimensional information on the pore 
structure.  This technique gives valid informatio n on the air void 
distribution and the spacing factor of the specimen. In future reseach 
this data could be completed with other techniques as microfocus or 
synchrotron computed nanotomography  (Promentilla , M.A.B.,  2009) ,  
multi-scale imaging (Cnudde, V. ,  2 013) or focused ion beam 
nanotomography (Holzer,  L.,  2006) . In order to know more on the  
amount of  gel  pores, the data of  mercury intrusion porosimetry is  
completed and validated by the results of the sorption isotherms using 
both nitrogen and water vapor as sorption media .  
4.2. Methods to alter the pore structure: practical 
execution 
As already mentioned three different methods will  be applied to change 
the pore structure of (U)HPC. In this paragraph an explanation is given 
on how the techniques were applied. As UHPC is a  mortar designed to 
have the highest performance, no air bubbles will  be entrained.  On the 
one hand this would weaken the mortar  and on the other hand the 
mortar itself  is strong enough and almost impermeable to have a good 
protection against f reeze-thaw damage. Consequently, UHPC will only be 
subjected to a  heat tre atment and to vacuum mixing. The HPC in this 
project is  a  self-compacting mortar,  which makes it less useful to mix 
under a reduced air pressure as mentioned in § 2.1.3. Furthermore, the 
packing density of HPC is less compared to UHPC and no silica fume is 
added to the mix design. This is the reason w hy only air entrainment 
and no heat treatment will be applied on this type of mortar.  The 
practical execution of vacuum mixing can be found in § 2.1.3, in the next 
sections the execution of a heat treatment and air entrainment will be 
elucidated.  
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4.2.1. Heat treatment 
The same mixing procedure as in § 2.1.3 is used to prepare the samples.  
Next, the fresh cubes were stored for 48 hours in a climate room under 
20°C ± 2°C and a relative humidity of 90% ± 5%. After 48 hours the 
UHPC cubes were demolded, this time was kept  constant to assure 
setting had already occurred for all specimens, Figure 3- 14. Next the 
cubes were positioned 2 cm above a bath that was held at a constant 
temperature of 90°C in a sealed container for 2 days . After this, the 
cubes were stored again in the climate room until  the age of testing. A 
visualization of the container is given in Figure 4- 3.  
 
Figure 4- 3: Container with a bath held at 90°C. The UHPC cubes were heat cured by 
positioning them 2 cm above the bath on a grid.  
4.2.2. Air entraining agent 
The high performance mortar used to evaluate the effect of air 
entrainment on the pore structure was the same as in §2.1.3, the 
composition is found in Table 4- 3. A similar mixing procedure as in 
§2.1.3 was used. The CEM I 52.5 N had a d 5 0  of 16.01 µm, a Blaine 
fineness of  3959 cm²/g and a density of  3033 kg/m³. The chemical 
composition can be found in (Dils , J . ,  2012b). The limestone fil ler used 
had the following characteristics, a d 5 0  of 7.95 µm and a density of 2685 
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filler are determined as explained in appendix A.6.  A river sand 0/4 was 
chosen with a d 5 0  of 680 µm  and a density of 2650 kg/m³ both 
determined as in appendix A.5.  
In case an air entraining agent (AEA) is  used,  the amount of wat er was 
compensated for the water in the air entraining agent. the percentage of  
AEA was changed between 0.11% - and 2.50%-wt. of the cement while  
the water-to-binder ratio was kept constant. The AEA was poured in the 
water and thus added simultaneously to t he dry components in the 
vacuum mixer.  
Table 4- 3: Mix design of the high performance mortar without air entraining agent. The 







* ratio  solid particles  PCE on cement mass; 
* * water compensated for water percent  in superplasticizer;  
4.3. Drying procedure 
In case the pore structure  is characterized with the use of an intrusion 
medium, the pores have to be empty.  This means that all  the water in 
the air voids, capillary pores and gel pores ha s to be removed, to be able 
to fil l  them with mercury, water vapor , nitrogen or epoxy. Furthermore,  
to obtain specimens at a defined degree of h ydration, the reaction 
process must be stopped.  Several drying techniques exist in li terature 
such as, oven-drying, freeze-drying, supercritical drying, D -drying, P-
drying or true solvent exchange.  A comparison of the different 
techniques and how they chan ge the microstructure and /or chemical 
composition of the specimen can be found in (Kopra, A. ,  2006) , (Zhang,  
J . ,  2011), (Snoeck, D.,  2014) . According to the second author, a  complete 
drying without any chemical and/or physical effect is not possible in 
practice . The selection of the appropriate technique for water removal 
(kg/m³) HPC 
CEM I 52.5 N 519 
River Sand 0/4 mm 1284 
Limestone fi ller  346 
PCE 1 *  0.76 
Water * *  202 
W/B 0.40 
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depends on a number of factors such as the time available , the property 
of interest and the equipment available.  As ultra -high performance 
mortar has a very low water-to-binder ratio the solvent exchange 
method as well as D-drying will take a lot of time for a volume of 1 cm³.  
Consequently, i t will be difficult to arrest the hydration at a specific  
time. Oven drying is known to change the pore structure and the 
chemical composition of the cement paste. As this work is interested in 
investigating the pore structure, this method is not advisable . The best 
way to preserve the microstructure is supercritical drying (Zhang, J . ,  
2011), unfortunately this equipment was not at our disposal . For this  
reason it was opted to use freeze -drying as technique. (Kopra, A.,  2006) 
stated this method was able to preserve the pore structure better than 
D-drying. However, in his work no reference pore structure was 
accomplished. In contrary, (Snoeck, D.,  2014) registered a carbonation 
degree of 3%-wt. of  the total specimen with TGA and only a slight 
decrease in micro- and mesoporosity  of 26 mm³/g in freeze dried 
specimens compared with a saturated sample. Similarly , the TGA results 
for freeze dried and non -dried specimens of (Zhang, J . ,  2011) showed no 
decrease in weight loss between 600°C and 1000°C, indicating a lack of  
carbonation compared to specimens dried with different types of  
solvent.  From the summary given in (Zhang, J . ,  2011) and (Snoeck, D. ,  
2014) it can be deduced that freeze drying is recommend ed when 
supercritical drying is unavailable . Especially, when it is important to 
preserve composition and microstructure, but also to reduce the drying 
time. Therefore , the freeze drying technique is selected for  MIP, ESEM 
and the sorption isotherms.  
After reducing the temperature of the sample to -195°C by putting it in 
contact with liquid nitrogen, the water molecules are sublimed directly 
from solid ice crystals to gas under the vacuum without passing through 
the liquid state . Thereby the capillary stress effects generated at solid -
water-vapour boundaries are softened compared to oven drying.  
Consequently, the pore structure  is  better preserved. After a certain 
curing period of 7, 21, 28, 93 days or 1 year the specimens were 
prepared to f it  the container. The specimens were split into smaller 
pieces as this gave a better reproducibility than  sawn specimens.  This 
procedure was similar as in (Ye, G.,  2003). T he hydration was 
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immediately stopped by keeping the pieces in contact with liquid 
nitrogen at -195°C for five minutes.  Then, it  was moved into a freeze -
dryer in which the temperature and vacuum were kept to -24°C and a 
pressure of 0.1 Pa, this procedure was adopted from (Zhou, J . ,  2010).  
Under these conditions,  sublimation prevailed as can be seen on Figure 
4- 4. Despite the fact that the specimens cooled down during 
sublimation, no precaution was taken to warm them back up by placing 
a light bulb in the vicinity . It was assumed that the temperature did not 
cool down enough to stop sublimation.  The quick freezing process was 
necessary to prevent the growth of large  ice crystals in the larger pores, 
which could potentially generate compressive stresses in the finer pores 
that are not totally frozen (Ye, G. ,  2003). No precautions were done to 
improve the cooling process by  pre-cooling the samples in propane 
similar as in (Mouwka, M. 1988). Finally, after three weeks of freeze -
drying the samples reached a mass difference smal ler than 0.1% 
between two consecutive measuring days. Consequently, this time was 
taken as the minimum drying period for all specimens tested in this 
work.  
 
Figure 4- 4: Phase diagram of water. The black lines visualize the principle of freeze 
drying and mark the pressure in the freeze dryer and the correspondent temperature of 
the specimens during the drying period. 
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4.4. Mercury intrusion porosimetry 
4.4.1. Measuring principle 
The basic principle  on which mercury intrusion porosimetry is based,  
comes from its non-wetting property towards many solids due to its 
high surface tension. As the contact angle between mercury and cement 
paste is situated between 1 00° and 140°, the surface tension opposes 
the entrance into a pore. Practically th is means that the mercury will  
not fil l  the pores of a paste or a mortar when the specimen is submerged 
in mercury  under a vacuum. Thus, in case of cementitious materials, 
mercury will only enter the pores if  an external pressure is  applied on 
the specimen. This is exactly what an MIP apparatus does in well  
controlled pressure increments (Aligazaki,  K.K, 2006).  Practically , the 
specimen is dried according to the procedure of § 4.3. Then, the bulk 
weight of the sample is measured using an electronic balance with a  
precision of ±0.001 g.  Next,  the specimen is placed in the measuring cell  
which is brought under a  vacuum of 0 .01 kPa. This is done  to prevent 
the larger open pores at the surface of the specimen being filled under 
the gravitational force without the  registration of i t .  After this, the cell  
is fil led with clean mercury and the pressure is incrementally incre ased 
to intrude the mercury in the specimen.  The larger pores are fi lled at a  
low pressure from 0 to 0 .20 MPa, the smaller ones at a high pressure  
from 0.11 MPa to 200 MPa . After the intrusion, the mercury is extruded 
by lowering the pressure back to 0.21 MPa. The amount of  mercury 
intruded and extruded is registered by a dilatometer, which is a  
calibrated tube from which the mercury flows into the specimen.  As this 
amount is fixed,  the bulk weight will differ depending on the porosity of  
the sample.  Higher W/C ratios and shorter curing ages will require 
smaller samples as their  porosity is higher . During the test the volume 
of mercury is recorded for each pressurizing or depressurizing step 
which makes it possible  to draw the intrusion and extrusion curve. The 
pore diameter corresponding to a certain pressure step can be 
calculated from the balance between  the intrusion or extrusion force 
and the capillary force. The result is the formula of Washburn in which 
the cross section of the pore is assumed circular. Furthermore a  
constant contact angle and surface tension between the mercury and the 
 Chapter 4:  Comparison between techniques altering the  
80 pore structure of (U)HP C  
pore wall is assumed for all pressure steps. In order to apply the 
formula on cement paste the pores are assumed cylindrical,  mutual ly  
connected and the pore distribution is not altered by the drying method 
or the intrusion of the mercury. Besides this, i t is assumed that the 
pores are entirely and equally accessibly to the outer surface of the 
specimen. From these assumptions, the po re diameter can be calculated 





Where, P is the pressure, χ  is the surface tension of the mercury, θ is t he 
contact angle of the mercury, r  is the radius of the pore . In this work the 
surface tension is taken equal to 0.480 N/m and a contact angle of  140°  
is assumed between the mercury a nd the pore wall .   
A Pascal 140 and a Pascal 440 from Thermo electron corporation was 
respectively used as low and high pressure unit . With this equipment, i t  
was possible to determine pore sizes between 100 µm and 7 nm.  
4.4.2. Some important parameters 
In the abscis of the intrusion curve, the pore diameter is given on a 
logarithmic scale. In the ordinate the amount of mercury  per mass-unit 
is depicted or in case the bulk density is known, the porosity can be 
plotted. A comprehensive overview of the different densities calculated 
by the MIP program can be found in (Webb, P .,  2001). The intrusion 
curve increases as smaller pores are being fil led with mercury. The pore 
distribution itself  can be derived from the volume of mercury intruded 
at each pressure step. The pore distribution function D v(r) can then be 
written as in (4.2):  




Where, dr represents a  change in the pore radius and dV the 
corresponding change in the intruded mercury volume. By 
differentiating formula (4.1),  equation (4.3) is obtained:  
𝑃𝑑𝑟 + 𝑟𝑑𝑃 = 0 (4.3) 
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By combining equation (4.3) and (4.2) the researcher is capable to 
determine the pore distribution function D v(r)  based on the applied 
pressure increment (dP) and the measured mercury volume  intruded at 
each pressure step (dV) , equation (4.4): 




An example of an intrusion curve is given in Figure 4- 5. P t o t  gives the  
porosity corresponding to the maximum pressure applied during the 
test.  Under this pressure a minimum pore size d m i n  can be filled with 
mercury. It  should be emphasized that P t o t  is the intrudable porosity 
and not the total porosity of the system. In addition to the pore space 
actually intruded by mercury, finer pores undoubtedly exist in cement 
pastes that require pressure for entry beyond the pressuring capacity of  
the MIP. Some completely isolated  pores that are entirely sealed against 
intrusion may be present as well (Diamond, S.,  2000). Furthermore, the 
critical  diameter d c r  corresponds with the steepest slope of the 
cumulative intrusion curve or in other words, i t is  the largest volume 
increase for a certain pressure increment.  The diameter corresponding 
with this pressure, is the most frequently occurring pore size in 
interconnected pores found in the cement paste (Aligizaki , K.K.,  2006).  
It is the pore size through which the mercury penetrates the bulk of the 
specimen and is a valid comparative parameter concerning the 
permeability and ion-diffusivity between cementitious systems.  In 
general a lower c ritical  diameter is found in cement paste with a lower 
water-to-cement ratio and at an older age  (Diamond, S. ,  2000). It  is  also 
a suitable parameter to investigate the inf luence of the curing 
temperature on the pore structure of the cement paste (Aligizaki, K.K.,  
2006). In Figure 4- 5 the threshold diameter d t h  is also indicated.  
Several authors have tried to give a  physical explanation for this 
diameter. According to (Mindess, S. ,  2002) the threshold diameter is the 
largest diameter of pores that form a continuous network through the 
cement paste and marks the onset of percolation.  In other words, i t  
represents the largest pore diameter at which mercury begins to 
penetrate into the pores of the specimens. For a larger diameter, no 
significant mercury f low through the specimen could be observed 
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(Winslow, D.N. ,  1970).  (Diamond, S.,  2000) attributed this difference in 
intrusion behavior to the fact that the capillary pores are long 
percolating chains made up of pores of various sizes. Along these pore 
chains constrictions are present where the pore diameter is ve ry 
narrow. If  the mercury pressure is sufficient enough to flow through 
these constrictions, a large portion of the whole pore system is 
simultaneously intruded. This gives a steep rise of the cumulative 
intrusion curve.  
 
Figure 4- 5: Example of an intrusion curve as result of a mercury intrusion porosimeter 
test. The threshold, critical and minimum diameter as well as the total porosity are 
indicated. 
As the hydration process continues the capillary pores will gradually 
narrow down as outer CSH products fi ll  them up. Thus the threshold 
diameter will decrease with curing time . Besides this, the water-to-
binder ratio also has an important impact on d t h .  (Bonneau, O. ,  2000) 
concludes that the CSH eff iciency to fil l  the capillary p ores is  higher for 
a low water content.  In his work a percolation threshold is  determined, 
which represents the hydration degree necessary to make the capi llary 
porosity discontinuous. It  was demonstrated that traditional vibrated 
concrete, high performance concrete and reactive powder concrete 
achieved a discontinuous capillary porosity at a hydration degree of  
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will be reached in a shorter curing time for mixtures with a lower 
water-to-binder ratio . This phenomenon was also registered by (Ye, G. ,  
2003) where a large decrease in threshold diameter was registered 
between 1 and 7 days for a paste with W/C ratio 0.4 compared to a  
similar decrease between 1 and 28 days for a paste with W/C ratio 0.6 .  
Consequently, a longer curing age and thus a higher degree of hydration 
was necessary for the higher W/C ratio to obtain a  depercolated pore 
structure.  As the mixtures in Table 3-  6 all have a similar paste 
composition as the reactive powder concrete in the work of (Bonneau, 
O. ,  2000) the percolation threshold will  be around 26%. If  the data from 
Figure 3- 14 is converted to an α-t  graph, a hydration degree of 26% is 
reached after 2 days hydration and so a discontinuous pore network is 
formed. At that point, percolation will  only occur if  the pressure is high 
enough to penetrate the gel pores of the outer CSH or break through the 
pore walls . Independent which of both a ctions will occur, a smaller 
threshold diameter will be registered.  This was also seen for the paste 
with WSF in Figure 3- 14. Due to the low water-to-binder ratio, the 
threshold diameter decreased sig nificantly be tween 1 and 7 days. This 
can be seen in Figure 4- 6 were d t h , I  represents the threshold diameter 
after 1 day curing and d t h , I I  the threshold diameter after 7  days curing 
which stays constant up to 93 days  curing.  
 
Figure 4- 6: Evolution of the threshold diameter for the paste of MIX3 with WSF in 
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This can be explained physically by the fact that at 1 day almost all the 
water is available and stored in the capil lary pores which form a 
continuous network and lead to a higher value of the threshold 
diameter. Shortly after 1 day, the CSH gel will quickly fi ll  up the 
capillary chains due to the high compactness and binder content of the 
system. As the water-to-binder ratio is  0.179, a lot of  water will be 
chemically bound and less excess water will remain to form capillary 
pores.  Consequently,  a lower value of  the threshold diameter is  
registered at 7 days. A similar discussion can be  held for the critical  
diameter d c r .  
As a consequence of  these constrictions , i t is not possible to obtain a 
veracious pore size distribution with a normal MIP procedure. It is to 
say, when the pressurization and depressurization is performed in one 
continuous movement (Zhou, J . ,  2010). Due to these constrictions some 
of the larger pores are only accessible through a smaller pore. This is  
visualized in Figure 4- 7, where the smaller tubes (blue and red) can be 
seen as the remnants of a capillary chain that has been filled by outer 
CSH. It is clear that some larger pores are only accessible through the 
throat of the smaller tubes.  Consequently, a high mercury volume will  
be registered at a pressure making the small tu bes accessible and 
thereby also the larger pores connected to them. Eventually,  this will  
lead to an overestimation of the volume of small pores and an 
underestimation of the larger pores.   
 
Figure 4- 7: Visualization of the constrictions in a capillary pore chain, the smaller tubes 
are the remnants after being filled with outer CSH. Some larger pores are only accessible 
through these smaller tubes. (Holzer, L., 2014) 
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It is worth mentioning that the formation of these constricti ons in the 
capillary pores can be simulated by a fractal model  (Ji ,  X . ,  1997). Both 
(Ji ,  X .,  1997) and (Diamond, S.,  1999) concluded that the pore structure  
had multifractal dimensions. According to (Ji ,  X . ,  1997) the larger 
concrete pores (capillary pores) have a fractal dimension , D2  between 
2.98 and 2.94. The smaller pores (gel pores) of Figure 4- 7 have a fractal  
dimension D1  between 2.32 and 1.56 depending on the W/C ratio.  
Especially for the smaller pores a lo wer fractal dimension is obtained 
for a lower W/C ratio due to the high compactness and binder content 
leading to a better refinement. In fact the fractal dimension describes 
the degree of roughness of the solid caused by the porosity.  
Consequently, the hydration process changes the complex capillary 
pores to less complex gel pores. As these calculations are based on the 
pore size distribution the author will only use these dimensions to 
explain the impact of a heat treatment, an air content reduction or ai r  
entrainment on the microstructure of  the mortar.  D1  and D2  are 
determined in this project in a similar way as (Ji ,  X . ,  1997).  
Another implication of these constrictions is the appearance of a  
hysteresis between the intrusion and extrusion curve , Figure 4- 8 . A lot 
of theories exist to explain this hysteresis, an overview can be found in 
(Aligizaki , K.K.,  2006). Several authors try to explain this effect by the 
so called ‘ inkt-bottle’  effect, Figure 4- 7. Unfortunately, this theory does 
not explain why the mercury column breaks in order to empty the 
narrow entrance, while the inner cavity remains filled. Besides this,  
every porous sample exhibit hysteresis which makes it dif ficult to 
believe that every sample contains pores which are ‘ ink bottle’  in shape 
(Lowell,  S . ,  1980). A more acceptable theory is  based on the pore 
potential theory.  Once the mercury is forced into a pore it  will  have a  
large surface energy due to the surface roughness. Furthermore, during 
depressurization the contact angle between the mercury and the solids 
will decrease (Ye, G. ,  2003). The pore  potential is then the sum of  work 
required lowering the contact angle and the stored surface energy of the 
retained mercury. As this is an extra force counteracting the 
depressurization, i t causes the mercury to extrude from a pore at a  
lower pressure than it intrudes . The mercury will keep flowing out of  
the pores and thereby decreasing the surface energy unti l the 
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depressurization force overcomes the pore potential. At this moment 
the mercury column will  break and mercury gets entrapped in the 
specimen.  
 
Figure 4- 8: Explanation of the hysteresis effect in mercury intrusion porosimetry based 
on the pore potential theory. 
The effect of  the pore potential theory is  visualized in Figure 4-  8. In 
order to intrude a volume equal to V m a x-V I  a pressure increase of P i  = 
Pm a x-P I  is necessary.  In contrary , to extrude the same volume a pressure 
Pe  = Pm a x-P I I  is needed which is higher than P i  due to the pore potential .  
Furthermore,  a lot of mercury stays entrapped in the sample due to the 
fact that the pore potential is too high to force the mercury out from 
most of  the pores by the depressurization force.  Even when a f low could 
be initiated,  the small column will break and leave mercury in the larger 
pores connected to them.  Thus, due to the close proximity of the pore 
walls and the small cross -sectional area, smaller pores will be able to 
trap more mercury compared to the larger pores.  The mercury in the 
smaller pores is  less easy to extrude and once the mercury flows , the 
column is easier to break due to the small cross -sectional area. In 
contrary, larger pores have a lower pore potential  so the mercury is  
extruded more easily . Besides this the larger cross -sectional area makes 
it more difficult to break the column.  This is the reason why a lot of  
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Finally, another important parameter is the total pore surface area S,  
which is calculated with equation (4.5) , based on the work of (Rootare,  








According to (Boel, V. ,  2006) normal values of the total pore surface 
area determined by mercury porosimetry are situated between 10 m²/g 
and 70 m²/g.  A higher value of  the total pore surface area indicates a 
denser structure of the system.  
4.4.3. Advantages and disadvantages 
In the previous paragraphs, the measuring principles and some 
important parameters are discussed, t his section will highlight the 
positive and negative aspects of mercury intrusion porosimetry. The 
most important disadvantages come from the assumptions of the 
Washburn model . Namely,  all pores are entirely and equally accessible  
to the outer surface of  the specimen (Abell ,  A .B.,  1999) , (Diamond, S. ,  
2000). In contrary, as explained in §4.4.2, most of the wide pores will  
only be accessible for  mercury when it was able to pass the narrower 
throats connecting the wide pores to the outer surface. This will lead to 
an underestimation of the larger pores, see §4.10. Furthermore the pore 
cross-section is not necessarily cylindrical as assumed in the Washburn 
model. This can easily be checked by taking micrographs under the 
ESEM or SEM (Diamond, S.,  2000) , §4.8. Another assumption is the fact 
that the contact angle and surface tension stay constant  during the test.  
Depending on the drying technique a d ifference in angle can be found 
(Winslow, D.N. , 1970). The contact angle can also d iffer depending upon 
the roughness of the surface (Abell,  A .B.,  1999). Finally , as explained in 
§4.4.2, the angle wil l also change going from intrusion (140°) to  
extrusion (106°) (Ye, G.,  2003). Depending on the purpose of the 
research and the type of concrete it can be a  disadvantage not being 
able to determine isolated pores or pores left behind by Hadley grains.  
If  the study has the purpose to investigate the permeability of a 
specimen, this information become s less relevant ,  although there is  
proof that these grains are connected to the capillary pores by average 
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pathways of 47 nm radius ( Holzer, L.,  2006) . This issue will be 
discussed in §4.8.4 . A last disadvantage  is the damage that can be 
caused to the pore structure by the drying procedure or by the pressure 
during the MIP test . This can lead to a significant increase in the total  
porosity (Ye,  G.,  2003).  Despite these disadvantages,  mercury intrusion 
porosimetry is one of  the most frequently used tech niques to 
investigate the pore structure  of cementitious materials. The main 
raison for this is the fact that the technique purports to cover ne arly the 
whole range of pore sizes present in the specimen. However, i t has to be 
mentioned that nuclear magnetic resonance  (1H relaxation NMR),  Table 
4- 2, is another promising non-invasive technique to  obtain information 
on the pore distribution (Muller, A.C.A.,  2014) . Nevertheless, i t is  
unknown down to which pore size the technique measures and it is only 
possible to get volume fractions of certain pore classes. Furthermore,  
MIP gives information over a three dimensional structure  and is not 
restricted to a two  dimensional analysis like ESEM. Due to these 
advantages, MIP will be used as principal technique to investigate the 
effect of an air content reduction, a heat treatment and a ir entraining 
agent on the pore structure of (ultra) high performance mortar . In the 
next paragraphs a  detailed discussion of the different parameters 
determined by MIP will  be performed. The influence of an air  content 
reduction is determined on MIX1, MIX2 and MIX5 of  Table 3- 6 and also 
on an UHPC premix Ducorit ® .  The effect of a heat treatment is only 
examined on MIX1 and MIX2. The impact of an a ir entraining agent on 
the pore structure was investigated on the HPC mixture of Table 4- 3.  
After that,  other measuring techniques are used to complete the data set 
in order to make some final conclusions and get a second interpretation.  
4.4.4. Parameter study for UHPC 
In order to make a comprehensive overview of the results some 
abbreviations will be used. In case the mixture is  made und er 
atmospheric pressure it will be denoted as NV (non -vacuum), in case it  
was mixed at 50 mbar, V (vacuum) will be used as denotation. When the 
specimens were heat treated at 90°C a H (heat treatment) will be used 
to indicate this. Each result show n in the figures of this paragraph are 
the result of two measurements.  
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Porosity  
By multiplying the bulk density of  the specimen with the amount of  
intruded mercury per mass unit , the porosity of the sample is obtained. 
For the ultra-high performance mixtures the results can be found in 
Figure 4- 9. The raw data of the porosity can be found in appendix B,  
Table B- 1. A standard deviation between 0.01% and 0 .83% porosity was 
registered for all the UHPC samples tested.  
 
Figure 4- 9: Influence of vacuum mixing and heat treatment on the porosity of ultra-high 
performance mortar. 
At every age and for every mixture the total porosity is lower when the 
specimens are mixed under vacuum conditions. The largest reduction 
was obtained for the heat treated specimens of MIX1 and MIX2 where 
the total  porosity was halved by applying vacuum mixing.  The decrease 
in total porosity of the non -heat treated specimens by vacuum mixing 
was very similar.  In case of non–heat treated specimens, the total 
porosity decreases in time. This is due to the continued hydration 
process whereby outer CSH-gel fil ls up the larger capillary pores. When 
the specimens were heat cured, the total porosity stayed constant 
between 7 days and 91 days. Due to the heat curing, the formation of  
high density CSH is favored and the si lica fume is activated sooner. This 
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In case the effect of  vacuum mixing on the total porosity of the 
specimens at 28 days is investigated, a reduction of 40.2%, 38.7%, 
28.9% and 20.5% is respectively foun d for MIX1, MIX2, MIX5 and the 
premix without a heat treatment.  A reduction of  49.4% and 55.34% was 
respectively obtained for MIX 1 and MIX2 with a heat treatment . In order 
to visualize the effect of an air content reduction , a comparison at 28 
days between the cumulative intrusion curves  of the specimens, mixed 
at 1013 mbar and  50 mbar is performed in Figure 4-  10 to Figure 4- 13.  
From these graphs it is clear that a good repeatability is possible with 
the mercury intrusion porosimeter as the variation between the 
cumulative intrusion curve of the first and second measurement  is low. 
In fact , the variation between two measurements can decrease by 
vacuum mixing as can be seen for the premix ,  Figure 4- 13 and MIX1 & 
MIX2 with a heat treatment , Figure 4- 10 & Figure 4- 11. Thus by 
vacuum mixing the standard deviation of the MIP test can be decreased 
in some cases. In the other cases, the standard deviation stays constant.  
A full overview of the cumulative intrusion curves and the po re 
distribution functions of the UHPC mixtures  made under different 
curing and mixing conditions  for different ages,  can be found in 
appendix B.  
 
Figure 4- 10: Comparison of the cumulative intrusion curves of MIX1 made under 
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Figure 4- 11: Comparison of the cumulative intrusion curves of MIX2 made under 




Figure 4- 12: Comparison of the cumulative intrusion curves of MIX5 made under 
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Figure 4- 13: Comparison of the cumulative intrusion curves of the premix made under 
different mixing pressures at 28 days. 
In the next discussion, a comparison between the cumulative intrusion 
curves obtained by either an air content reduction,  a heat curing or a  
combination of both will be performed. As mentioned by (Diamond, S. ,  
2000) the pore size distributio ns obtained from MIP do not depict the 
reality due to an overestimation of the smaller pores and an 
underestimation of the larger voids ,  §4.4.2 . Nevertheless,  it is  
interesting to discuss how the global curve changes due to several 
techniques and this relative to a reference mix made under atmospheric 
pressure and without a  heat curing.  From Figure 4- 10 to Figure 4-  13 
and from the figures in appendix B it is seen that vacuum mixing 
reduces the pore volume between 50 nm and 10 µm. This can be seen in 
the cumulative intrusion curves of Figure 4- 10 to Figure 4- 13 by the 
different slope of  the curves corresponding to non -vacuum and to 
vacuum in this pore range.  The impact of vacuum mixing  becomes even 
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Figure 4- 14: Pore distribution function of MIX1 at 28 days, made under different mixing 
conditions. 
According to the above discussion the largest impact is registered for 
the capillary pores (50 nm - 10 µm), Table 4- 1. This is rather strange,  
as we previously defined capillary pores as remnants of the excess 
water, not needed chemically but needed for the flowability , which has 
evaporated from the mortar. As vacuum mixing does not re duce the 
water content , §4.8 .4, the only possible way to reduce the capillary 
porosity at 28 days is by a different filling process of the CSH gel in 
these pores.  The latter is possible due to the increased pack ing density 
of the mixture with a decreased air content. However, the change in  
filling process will not be in that extent to explain the difference in 
Figure 4- 14. This can be explained by  the fact that the large  amount of  
air bubbles present in the mixture mixed at atmospheric pressure , is  
only accessible for  mercury by the smaller throats and are thus 
categorized as smaller pores by the MIP. In case the mixture is mixed 
under almost vacuum conditions, less air  bubbles are present in the 
mass thus less can be categorized as capillary pores.  This leads to the 
curves in Figure 4- 14. Furthermore it  also confirms the criticism of  
(Diamond, S.,  2000) on the pore size distribut ion determined by MIP. 
This misinterpretation will be validated by other techniques in the next 
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In case of a heat curing, the impact is felt over the whole measuring 
range, appendix B. Especially the gel pores are influenced compared 
with non-heat treated specimen . This confirms the work of (Vandamme, 
M. 2010), were a heat treatment favors the formation of high density 
CSH with the embedment of nano - CH crystals between the large gel  
pores (3-12 nm), Figure 4-  1 (Jennings, H.M., 2008a). Thus the larger gel  
pores are partly fi lled up and reduced by nano-CH crystals, which lead  
to more smaller gel pores. Unfortunately, the mercury intrusion 
porosimeter used in this project only measures pores down to 7 nm. 
Consequently , the peak corresponding to the gel  pores is not measured 
for the heat treated specimens  and will be recorded by sorption 
isotherms in §4.9 . Furthermore, the better packing density of t he CSH 
building units will increase the capillary space. In contrary, a  heat 
treatment will accelerate the reaction between si lica fume, portlandite  
and water , leading to more secondary CSH that fi l ls  up the same space.  
Thus,  no clear reason could be found  why the  heat treatment led to an 
overall  decrease of  the capillary porosity as seen in the figures of  
appendix B.  A possibility is  the densification of  the gel pores. Due to 
this process smaller throats have to be passed by the mercury to fi l l  
some of the larger capillary pores, Figure 4- 7. Consequently, these 
capillary pores will be classified as smaller pores, leading to an 
apparent decrease of the capillary porosity by a heat curing.  
Finally, the pore surface a rea evolves in a logical way , see appendix B . 
During curing and thus densification of  the pores, the pore surface area 
decreases.  Vacuum mixing leads to the same concl usion,  but its impact 
is felt  to  a lesser extent compared to the curing time. The lowest pore 
surface area is found for heat treated specimens. Besides the fact that 
this treatment leads to a high refinement of the pores and thus a denser 
structure,  only a small amount of the pore s is  accessible for the mercury 
and can be measured.  Consequently, the pore surface area is more the 
result of the depercolation process than of the pore refinement. If  the 
latter would be dominant, an increase of the pore surface area would be 
expected.  
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Critical and threshold diameter  
A clear critical diameter can only be distinguished in  the cumulative 
intrusion curves of appendix B at 7 days. At older ages, the slope of the 
cumulative intrusion curve do es not start to f latten.  Consequently, it is  
not possible to derive the steepest part of the slope corresponding t o 
the critical  diameter. Therefore, the threshold diameter will  be used to 
compare the inf luence of different curing and mixing conditions on the 
pore system of  the UHPC mixtures. In order to quantify this diameter,  
the bending point of the cumulative intr usion curve has to be 
determined. This is done by  drawing a linear fit  before and after the 
bending point. The pore diameter corresponding to the intersection of  
both lines is taken as the threshold diameter for that specimen. This  
principal is visualized in Figure 4- 15. In case more bending points 
appear in the cumulative intrusion curve, the one corresponding with 
the smallest diameter is chosen.  
 
Figure 4- 15: Methodology to determine the threshold diameter of the pore structure of a 
mortar specimen. 
In case of heat treated specimens, the pore structure is refined in such a 
way that even a threshold diameter cannot be differentiated.  This 
decrease in threshold diameter compared with n ormal cured specimens 
is in accordance with the work of (Cheyrezy,  M.,  1995). Hence, the 
cumulative intrusion curves in Figure 4- 10 & Figure 4- 11 do not show 
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threshold diameter was set equal to d m i n .  The results of this 
methodology are summarized in Figure 4- 16. The threshold diameter 
decreases in time due to the hydration process.  In other words mercury 
begins to penetrate in the pores at a higher pressure corresponding to a 
smaller diameter as more constrictions are formed in the network. 
Furthermore, no clear effect of vacuum mixing can be seen in  Figure 4- 
16. This is logical because after 7 days hydration a continuous pore 
network only occurs at the level of the gel pores in case of the UHPC 
mixtures made in this thesis (Bonneau, O. ,2000). Moreover Figure 4- 14 
indicates that no influence of vacuum mixing is felt  in this pore range .  
Apparently heat treated specimens require a pressure higher than 200 
MPa in order to reach a  percolating structure.  The question can be 
raised what inf luence such a fine percolating structure has. According to 
Table 4- 1, these pores are less important for the permeability and the 
mechanical performance of the mortar  but play a major role in the 
understanding of creep and shrinkage . Nevertheless, the pressure is  
maintained at 200 MPa to prevent damage to the pore structure . In case 
of MIX5 the authors were not able to determine a threshold diameter at 
21 days and 28 days with the above mentioned methodology, see  also 
appendix B and Figure 4- 12. the slope of the porosity in function of  the 
pore diameter stayed more or less constant over the measuring range.
 
Figure 4- 16: Influence of vacuum mixing and heat treatment on the threshold diameter 
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Retention factor  
The retention factor is given as the ratio of mercury volume that stays 
behind in the sample after a cycle of intrusion and extrusion  (Vr) to the 
total intruded volume of mercury  (Vm a x), see Figure 4- 8. The results are 
summarized in Figure 4-  17. No clear evolution of the retention factor 
with the curing time can be found. Comparing the impact of the different 
mixing and curing conditions lead s however to some conclusions. If  the 
non-vacuum specimens are compared with the vacuum specimens  the 
retention factor generally  decreases.  The higher quantity of larger pores 
in the non-vacuum specimens are connected to the surface by tubes with 
a smaller throat as il lustrated in Figure 4- 7. As these smaller tubes 
have a higher pore potential ,  as explained in §4.4.2, a lot of mercury will  
remain after extrusion  in the larger pores.  In contrary, if  the specimens 
undergo an air content reduction a lower amount of  larger pores will be 
present in the specimen. Consequently less mercury s tays behind after 
extrusion giving rise to a  lower retention factor. The results of the heat 
treated specimens confirm this statement. For these samples not much 
pores are filled as the threshold diameter is not reached under the 
applied pressure, Figure 4- 16. In case the heat treated samples are 
made under atmospheric conditions larger pores will  be present in the 
specimen of which a minor part is accessible for mercury . This minor 
part is responsible  for the higher retention factor  due the high pore 
potential of the tubes that connect them to the surface. In case the heat 
treated specimens are mixed under almost vacuum conditions, a  lower 
amount of larger pores is present in the sample. The combination of this 
and the fact that most  of the smaller pores are not accessible with the 
current MIP test leads to a very low retention factor. The author 
presumes that in this case only some smaller pores in the vicinity of the 
surface are fil led with mercury. During extrusion a large part can  be 
retrieved relatively to the other mixing and curing conditions.  This 
should however be confirmed by a visual check,  which was not 
performed.  
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Figure 4- 17: Influence of vacuum mixing and heat treatment on the retention factor of 
ultra-high performance mortar. 
Fractal dimensions of the pore system  
The fractal  dimensions can give useful insights in how the porosity 
changes during hydration or by a heat curing or due to vacuum mixing.  
The fractal  plane-fi ll ing process as shown in Figure 4-  18 is quite  
similar to  the fi lling process of space in mortar by cement hydrates. 
During such a process a unit area is  f il led according to a certain pa ttern 
as shown in the middle of Figure 4- 18.  The amount of cubes that remain 
unoccupied by solid phases of cement paste is called the generator .  
 
Figure 4- 18: left: Original square of unit area (lateral length = 1), middle: Generator of 
fractal process (lateral length of small square = 1/3, fractal dimension can be calculated 
in this process), right: Furher division of the remaining blank squares and filling process 
of particles of cement hydrates. (Ji, X., 1997) 
In a next step one of the remaining seven small blank squares in the 
middle of Figure 4- 18 is divided into nine smaller squares and again a  
smaller central and corner square is  fil led in with cement hydrates. This 
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how completely the cement particles hydrate, there sti ll  remains so me 
blank space (pores)  that can not be occupied completely by particles of  
cement hydrates (Ji ,  X .,  1997). If  a generator is composed of N sma ll  
squares and the lateral  length of  the small square is 1/r of that of  the 
original square of unit area, the fractal dimension D of the resultant 
blank squares is  calculated as D = log(N)/log(r) .  A full description of  
this process and the mathematical bac kground to obtain D from a MIP 
test can be found in (Ji ,  X. ,  1997).  
From Figure 4- 19 and Figure 4- 20 it can be deduced that the pore 
structure of UHPC is multifractal, with dimensions between zero and 3.  
In this thesis D 1  represents the gel  pore space and D 2  the capillary pore 
space. The very low water -to-binder ratio of the mixtures give s rise to a 
low D1 which is situated between 0.242 and 1.477, Figure 4- 19. 
Namely, due to the fact that a large amount of the CSH is formed  in an 
ultra-high density structure, a low amount of blank space  is present in 
the gel pore space, which makes it less complex  than the capillary pore 
space and thus leads to a low value of D1. The fractal dimension 
corresponding with the capillary pores D2 has a value between 2.429 
and 2.966.  
 
Figure 4- 19: Influence of vacuum mixing and heat treatment on the fractal dimension 
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Figure 4- 20: Influence of vacuum mixing and heat treatment on the fractal dimension 
D2 of ultra-high performance mortar. 
The highest values of D 2  corresponds well with those reported by (Ji ,  X. ,  
1997), the lower values are somewhat less as in the reference work.  
Besides this, Figure 4- 20 shows a decreasing fractal  dimension D2 with 
increasing curing time and as a  consequence of a  heat treatment.  During 
curing the capillary pores are fi l led by outer hydration products and 
make these pores less complex as mentioned in (Ji ,  X . ,  1997). In 
contrary, the fractal dimension D1 shows an increase after a heat 
treatment and for some mixtures after a certain curing time. In UHPC 
more HD-CSH is formed as an inner product of the cement particles and 
less LD-CSH or outer product is formed in the capillary pore space. Thus 
compared with the solid cement particle,  more blank space is formed by 
the hydration process and the formation of gel pores. Furthermore, due 
to the acceleration of the si lica fume reaction  in case of a heat 
treatment, the fi lling of  the larger pores occurs in the first days.  
Consequently, the heat treated specimens have a similar fractal  
dimension D 2  as the non-heat treated specimens at 91 days.  
Besides this , experimental results show that the higher the strength of  
the mortar the smaller fractal dimension D2 is and the higher fractal  
dimension D1, (Ji ,  X . ,  1997) , which means that more capillary pore sp ace 
is fi lled up with outer cement hydrates and that more inner cement 
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Figure 4- 21 and Figure 4- 22 show the correlation between the fractal  
dimensions and the compressive strength of § 5.1.1. The latter is  
determined at an age of 28 days except for the curing time for which the 
compressive strength is also deter mined at 7 days and 91 days. The 
effect of a heat treatment is cleary seen on these figures. Namely a  
refinement of the capillary pores  by secondary CSH (decrease of D2)  and 
the formation of inner HD -CSH (increase of D1)  leads to an increase of  
the compressive strength.  The premix with a very high strength at 28 
days shows a similar progress  compared to MIX1 and MIX2 , due to a 
different mix proportion . The results of  MIX5 do not follow this trend, a  
reason  could be that the strength of MIX5 is more  influenced by a weak 
ITZ or the properties of the porphyry  than the refinement of  the matrix .  
Furthermore, the increase in strength due to a longer curing time and 
thus a beter refinement of the capillary pores  is  also seen for D2 but 
less for D1 in case of  MIX1 and MIX2. Finally,  the influence of an air  
content reduction on the fractal dimensions is much less pronounced 
than for the curing time or a heat treatment as can be seen in Figure 4-  
19 and Figure 4- 20. The removal of air bubbles by vacuum mixing does 
not change the capillary pore space or the gel pore space in a significant 
way.  
 
Figure 4- 21: Correlation between the fractal dimension of the capillary pores D2 and the 
compressive strength (Curing time: colored point = 7d, empty point = 28d, thick line 
marker = 91d; Heat treatment HT: colored point = non heat treated, empty point = heat 
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Figure 4- 22: Correlation between the fractal dimension of the gel pores D1 and the 
compressive strength (Curing time: colored point = 7d, empty point = 28d, thick line 
marker = 91d; Heat treatment HT: colored point = non heat treated, empty point= heat 
treated) besides for the curing time the compressive strength is determined at 28 days. 
4.4.5. Parameter study for HPC with air entrainment 
Different from previous section, air will be added to the mixture instead 
of removing it by vacuum mixing  or heat treatment. By the aid of an air  
entraining agent , air bubbles are introduced in the high performance 
mixture of  which the composition can be found in Table 4- 3 . A similar 
discussion will be held as in § 4.4.4 to investigate the impact of  air  
bubbles on the pore structure of  HPC. All results are the outcome of  two 
measurements.  
By increasing the amount of air entraining agent ,  the total porosity 
increases from 7.4% to 21.5%. The standard deviation between two 
identical  measurements varied from 0.18% porosity for the lower 
percentages of AEA to 1 .59% porosity for the higher percentages of AEA. 
In Figure 4- 23 the largest impact is noticed for pores larger than the 
threshold diameter up to 50 µm. The evolution of the cumulative 
intrusion curve at different dosages, is similar for pores smaller than 
the threshold diameter. For larger pores  the slope of the curve increases 
as the dosage increases up to 0.44% -wt. cement. For larger dosages, the 
curve starts to bend and the portion of larger air  bubbles decreases 
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Figure 4- 23: Comparison of the cumulative intrusion curves of the HPC mixture at 28 
days, made with different dosages air entraining agent. 
This is also seen in the thin sections of § 4.6 , where less large pores 
were counted and a distinct increase of small pore s between 60 µm and 
80 µm was registered. A possible reason for this is  the restricted area 
where the high dosage of  AEA can form entrained air bubbles. Under 
these conditions it could be energetically more beneficial to form 
smaller air bubbles.  Besides this,  the remark should be made that the 
evolution of Figure 4- 23 does not depict the real pore size distribution 
(Diamond, S.,  2000). As  mentioned above, air bubbles larger than 50 µm 
are introduced in the mortar  when AEA is added to the mixture .  
Furthermore, the pore surface area increases systematically from 5.53 
m²/g to 10.87 m²/g when the amount of air entraining agent is  
increased from 0 .00%-wt. to 2.50%-wt. cement,  appendix B. This 
indicates a less dense structure and the presence of more fine pores . Up 
to 0.44%- wt. a clear threshold diameter can be distinguished with the 
method of Figure 4- 15. For higher additions,  the bending point becomes 
less clear.  The larger air  bubbles will  interfere with the capillary tubes,  
which results in an MIP test to an apparent increase of the pores with a  
diameter equal to the throat  of the capillary tube. Furthermore, the 
retention factor increases significantly from 50.72% to 82.85% , 
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smaller tubes to the outer surface of the specimen , leads to a higher 
retention of the mercury in those air  bubbles.  Again this  can be 
explained by the higher pore potential of the smaller tubes. Besides this 
the pore structure of  HPC is multifractal as can be checked in appendix 
B. The fractal  dimension D1 increase s from 0.886 to 1.200. In case of D2 
only an increase from 2.985  to 2.990 is registered. When the correlation 
is made between the compressive strength and the fractal dimension s 
this is much less pronounced than  in Figure 4- 21 and Figure 4- 22.  
Namely, the addition of entrained air  bubbles decreases the 
compressive strength significantly,  § 5.2.  Nevertheless it  changes the  
fractal dimension  D2 only in a minor way. Accordin g to the measuring 
principles of  MIP more capillary pores will be measured  by the addition 
of entrained air bubbles , but the filling process of this space with outer 
cement hydrates will not change . In contrary,  the presence of a large 
quantity of entrained air bubbles will  conf ine the paste.  This will  
presumably lead to more HD-CSH which increases the fractal dimensions 
D1 in a more pronounced way, appendix B.  However, more research is 
necessary to confirm the last hypothesis.  
4.5. Fresh air content and air void analysis (AVA) 
Due to the disadvantages of mercury intrusion porosimetry as described 
in §4.4.3, several other techniques will be used to quantify and verify 
the pore structure of the (U)HPC mixtures. The techniques will be 
discussed in order of their  measuring ranges as summarized in Table 4-  
2. In this section the hardened air content will be measured by an air  
void analyzer. The results will be compared with the fresh air content 
and with the MIP results of §4.4. 
4.5.1. Measuring methods 
Fresh air content  
The air content of fresh (U)HPC is determined according to the pressure 
gauge method described in EN 12350 -7:2000. In this test a known 
volume of air at an established higher pressure is allowed to equilibrate 
with the known volume of mortar in a sealed container. The drop in 
pressure, measured in the high-pressure air chamber, can be related to 
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the amount of air within the concrete based on Boyle’s law  (Roberts,  
L.R.,  2006). The test is preformed within 5 minutes from the completion 
of mixing. For each batch one test is done . As the mortar is self-
compacting no vibration energy is applied. In this project only dense 
aggregates are used, consequently no air in the interconnected porosity 
within the aggregate particles will be compressed. For UHPC the fresh 
air content ranged between 0 vol . -% and 5 vol .-%, in this range a  
gradation of 0.1 vol .% could be read. The fresh air  content of the high 
performance mixture varied from 1.2  vol .-% to 17 vol.-% for which a  
similar gradation was available . Furthermore, the test has a 
reproducibility limit of 1 .3 %. In case of the 5 liter capacity mixer a 1 
liter container is used.  
Hardened air content (AVA) 
The air cavitie s of the hardened mortar are determined by a Rapidair 
457 air void analyzer according to ASTM C457 -lineair traverse method. 
The samples are stored in a climate room at 20°C±2°C and a relative 
humidity of 95%±5% until  the age of  28 days.  Two types of sample s are 
tested. For the pore characterization of the UHPC mixtures slices of  
100x100x10 mm are cut from the middle of cubes with sides 100 mm. To 
test the influence of  air entrainment on the hardened air content  of the 
high performance mixture , slices of  40x40x10 mm are  made out of  
mortar bars with dimensions 40x40x160 mm . The preparation of the 
surface comprises three phases. First, one side is manually polished to 
provide a perfectly planar and smooth surface. Next, a binary image is 
obtained by coloring the surface black with a marker in one direction 
and fill ing the voids with a dry white powder (BaSO 4) having an average 
diameter of  2 µm. Holes present in aggregates are painted black with a  
fine tipped marker pen in a final step. The measurement is perform ed 
on an area of 25x25 mm and 50x50 mm for samples with sides 40 mm 
and 100 mm respectively. This area is subdivided in 10 traverse lines to 
cover a total length of 2413 mm and 12500 mm respectively. In order to 
avoid irregularities a resolution of 3 pixel s is maintained. Consequently,  
cavities smaller than 8 µm are not measured. The measuring range is 8  
µm to 3.5 mm. The threshold value is kept constant and based on the 
experience of the operator.  Actually the threshold value for this 
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technique is much les s important compared with other imaging 
techniques as a binary image is already created manually .  Furthermore,  
the paste content is deduced from the known volumes of components 
added to the mixer , Table 3- 6 & Table 4-  3. The result of every sample 
is an average of 4 measurements.  The sample is turned 90°C between 
individual readings. A good reproducibility limit between 0.2% and 
0.62% is found in literature  (Jakobsen U.H., 2006).  
4.5.2. Important parameters of an air void analysis 
In the ASTM C457 the parameters are determined on a mortar or 
concrete surface. By using the principles of the stereology this data can 
be converted to three dimensional information. In the next subsectio ns,  
the most important parameters are explained.  
Air content A  
The total  volume of air voids in volume percent of concrete or mortar,  A 





Where T a  is the total chord length of the air cavities and T t  the total  
length covered during the test . If  the percentage is too high it will  
influence the strength of the concrete badly (Wille , K.,  2011). In 
contrary, a percentage that is too low can result in a bad freeze -thaw 
resistance.  
Mean chord length l g e m  
The mean chord length l g e m  is the total sum of individual chord lengths 






Specific pore surface S 
This represents the ratio of the surface of  the mean air cavity on the 
volume of the mean air cavity, determined based on the mean chord 
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length. The specific pore surface S is calculated based on the 
assumption tha t the air cavities are spherical and on some geometrical  





Where lg e m  is the mean chord length calculated according to (4.7) .  
Higher values of the specific pore surface indicate smaller air  cavities. 
This is positive for the freeze -thaw resistance as a higher specific  
surface for a similar air content leads to a lower paste volume between 
the cavities.  
4.5.3. Air void “spacing” 
The role of entrained air voids in provision of resistance to  freezing and 
thawing was discovered by accident by observation of performance of  
test roads in 1935-1937 by H. F. Gonnerman.  His results were reported 
in (Gonnerman, H.F. ,  1944). Without knowing the exact role of air voids 
in the freeze-thaw durability it appeared that a good resistance could be 
achieved through the presence of small air voids distributed throughout 
the paste of the concrete or mortar. Consequently, it became interesting 
to search for a proper measure to relate different air void systems with 
their  corresponding freeze-thaw resistance.  Therefore, several authors 
made attempts to characterize  the spacing of air voids with the 
expectation that concretes wi th equal air  contents, but different air void 
spacings, should exhibit different freeze -thaw performance (Snyder,  
K.A.,  1998). Important attempts are the spacing factor L of which the 
definition is given later (Powers, T.C. ,  1949) . The Philleo factor , which 
is based on the protected paste concept  where the probability is  
calculated that any point,  selected randomly in the cement paste , be 
located within a given distance from the perimeter of the nearest air  
void. It is assumed that all air bubbles are equal  of size (Philleo, R.E. ,  
1983). The f low length is  similar as the Philleo factor but the air void 
distribution as well as the distribution of distances between a random 
point in the paste and the nearest air void center is considered (Pleau,  
R.,  1996). More recently, the total area of air voids gains also interest 
(Hasholt , M.T. , 2014). A clear discussion of the first  three paste-void 
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spacings can be found in (Snyder, K.A. ,  1998) . This work comprises inter 
alia a comparison between the  factors and the 95 t h  percentile of the 
paste-void spacing distribution generated by a  computer model  
assuming lognormally distributed spheres . Furthermore the results are 
compared with the analytical equations of (Torquato, S. ,  1990) . In 
conclusion,  the 95 t h  percentile  obtained by the Philleo factor and the 
flow length showed a significant error  compared with the value 
obtained by the numerical test . Furthermore the spacing factor is a  
constant factor of 1.5 larger than the 95 t h  percentile of the numerical 
test. Finally, a good agreement was seen between the 95 t h  percentile of  
the analytical equations and the numerical test .  
 
Despite the known error,  the spacing factor is sti ll  used by a lot of  
researchers to estimate the free ze-thaw resistance of concrete and 
mortar due to its simplicity and the  general acceptance  of the factor .  
This is also the reason, why the spacing factor L is sti l l included in 
ASTM C457. Therefore, it  is appropriate to discuss the factor for the 
different mixtures used in this project. However before describing the  
factor it is necessary to make the reader aware of some drawbacks.  
  Often it is assumed that the spacing factor is the mean distance that 
has to be travelled from a random point in the paste to reach an air 
void. However according to  (Snyder,  K.A. ,  1998) this statement is  
false as the exact percentile is unknown and appears to vary with 
the air void distribution. This would of course lead to 
inconsistencies if  different air  void systems  are too be compared by 
the spacing factor.  
  The spacing factor is strongly connected to the hypothesis about 
hydraulic pressure as the cause of damage during frost action.  
However, the micro-ice-lens model (Setzer, M.J . ,  2002) desc ribes the 
actions during freeze -thaw in a more complete  way. In this theory 
the probabili ty that a capillary pore is connected to an air void is 
important. For this reason some authors (Hasholt , M.T. , 2014) , 
attach more importance to the  total surface area of  air voids which 
is proportional to S .A instead of the spacing factor.  
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Spacing factor L 
In case the ratio of the paste content on the air content (p/A) is high,  
the spacing factor is calculated by use of the cubic lattice approach. The 
spheres are placed at the vertices of a simple cubic array. The air voids 
are monosized . By equalizing the specific area of each air  void to the 
total specif ic area  S the radius of the spheres can be determined. 
Furthermore, the cubic lattice spacing is chosen such that the 
hypothetic air content equals the measured value. The resulting spacing 
factor is the distance from the center of a unit cell to the nearest air  
void surface.  In case p/A is low, li ttle paste is available  for each air  
void. In this case the paste is spread in a uniformly thick layer over each 
air void. The thickness is approximately equal to the ratio of the volume 
of paste to the total surface area of air voids  S.A (Powers, T.C.,  1949).  
The expressions to determine the spacing factor, L, are given by formula 













                                                 𝑝/𝐴 ≤ 4.33 (4.10) 
From the definition of the spacing factor it is clear that no aggregates 
are taken into account. Powers assumes that the air content is large 
enough to have a straight connection between a point in the cement 
paste to the closest air  void without the interference of an aggregate. 
The lower the spacing factor, the higher its resistance against freeze -
thaw cycles (Powers, T.C. ,  1949), (Pigeon, M., 1995) . 
4.5.4. Results and comparison 
The specimens subjected to a heat treatment will not be included in the 
analysis as the impact on the air void system is assumed to be 
negligible . The results of  an air content red uction on the fresh and 
hardened air content of UHPC can be found in Table 4- 4. In general ,  
vacuum mixing reduces the total fresh and hardened air content of all  
mixtures. In case of the hardened air content the l argest value under 
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atmospheric pressure and the largest reduction by vacuum mixing is  
obtained for MIX1.  
Table 4- 4: Effect of vacuum mixing on the fresh and hardened air content of the UHPC 
mixtures. 
 MIX1 MIX2 MIX5 Premix 
 NV V NV V NV V NV V 
Afresh [%] 3.9 0.7 3.2 1.5 3.9 1.4 4.0 1.7 
s [%] 0.3 0.2 0.5 0.4 0.1 0.1 0.4 0.5 
# 12 20 6 11 2 4 4 9 
Δfresh [%] 3.1 1.7 2.5 2.3 
Ahardened [%] 
(size ≤ 3.5 mm) 
4.9 1.6 2.5 1.3 3.1 1.0 3.8 1.8 
s [%] 0.5 0.5 0.2 0.2 0.0 0.0 0.3 0.4 
#  5 6 3 3 1 1 3 5 
Δhardened [%] 3.3 1.2 2.2 1.9 
S [mm2/mm3] 23.67 31.90 17.19 9.71 15.93 19.63 29.11 48.71 
L [µm] 332 366 576 1196 524 699 255 213 
S.Afresh [m²/m³] 914 238 543 146 621 270 1164 812 
# = number of samples;  Δ f r e s h  = difference in fresh air  content between NV &  V;  
The first observation can be explained by the use of very fine quartz 
sand 0/0.5. This fine sand has a high specific surface area compared 
with basalt 2/4 or porphyry 2/4, Table 3- 6 A.5. Consequently, the air 
bubbles have more difficulties to escape the concrete mass under the 
normal gravity force at 1013 mbar (De Larrard, F. ,  1999). It is the 
author’s opinion, this effect outweighs the difference in viscosity 
between MIX1 (µ = 30.3 Pa.s) a nd MIX2 (µ = 36.2 Pa.s). The second 
observation can be understood by the suction force accompanied with a  
pressure drop from 1013 mbar to 50 mbar in the mixing pan. This force 
probably enables the air bubbles to overcome the viscosity and contact 
forces in all the mixtures, leading to a similar hardened air content after 
vacuum mixing for MIX1 -2-5 and the premix taking in account the 
standard deviation.  To validate this explanation a more profound 
examination of the bubble movement in a viscous liquid is  ne cessary.  
However, this would lead us too far from the aim of the work. Therefore,  
the author refers to literature which elucidates the complexity of  this 
problem. Dimensionless parameters as the Reynolds number, Ëotvös 
number and the Morton number control the movement of the bubble 
(Chen, L. ,  1999), (De Vries, A.W.G. , 2001). Furthermore, the sand 
particles provide extra contact forces and the mixing process changes 
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the gas-liquid system significantly , making the problem even more 
complex. Furthermore, the s tandard deviation (s) of the fresh air  
content is situated between 0.1% and 0.5% which is well below the 
reported value of 1.3% in § 4.5.1. The standard deviation of the 
hardened air content ranges from 0.2% to 0 .5% which is within the 
values reported in §4.5.1 .  
 
Figure 4- 24: Cumulative curves of the air cavities in the UHPC mixtures at 28 days made 
under different mixing conditions obtained with AVA. 
Generally the slope of the cumulative air  void distribution, Figure 4- 24 
of non-vacuum mixtures is more reduced by vacuum mixing for larger 
void sizes than for smaller void sizes. An exception is MIX2 where an 
increase of the slope for the larger void sizes is noticed after vacuum 
mixing. This explains the evolution of the specif ic  pore surface (S) in 
Table 4- 4. By removing larger air voids the proportion of th e smaller 
voids becomes higher leading to a higher specific pore surface. For MIX2 
larger air voids are captured during vacuum mixing and the smaller air  
voids are reduced. This leads to a decrease of the specific pore surface.  
The pore size distribution o f MIX1 and MIX2 can also be found in § 6.3.3.  
Different from the results of the mercury intrusion porosimeter in 
§4.4.4, the air void analysis demonstrates the presenc e of pores larger 
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of the amount of larger pores by MIP. Therefore, the latter becomes less 
adequate to determine the real pore size distribution.  Consequently, a  
new influence range of vacuum mixing can be defined based on the 
results of the air void analysis. From Figure 4- 24 the impact is most felt  
for air bubbles with a diameter between 3.5 mm and 15 µm . 
To discuss the freeze-thaw resistance of UHPC two parameters can be of 
significance,  namely the spacing factor and the total surface area of  
voids, Table 4- 4. The evolution of the spacing factor after an air con tent 
reduction is visualized in  Figure 4- 25. Vacuum mixing increases the 
spacing factor of UHPC for all mixtures except for the premix where a  
slight decrease was registered. The total surface area of voids decreased 
for all mixtures after vacuum mixing , Table 4- 4. In general this would 
lead to a lower resistance against freeze -thaw cycles for UHPC mixed 
under vacuum conditions.  However, the reader should keep in mind that  
the compressive and tensile strength of UHPC are much higher 
compared to traditional mortar. Furthermore its permeability is  
significantly lower. Thus, it is advisable to test the resistance of UHPC 
in practice .  
 
Figure 4- 25: Influence of vacuum mixing on the spacing factor of UHPC. 
The influence of an air entraining agent on the air void system of HPC is 


















Chapter 4:  Comparison between techniques altering the  
pore structure of (U)HPC  113  
standard deviat ion could be measured. By increasing the amount of air  
entraining agent from 0.00 %-wt. to 2.50%-wt. cement an increase from 
1.2% to 17% was registered for the fresh air  content and from 1% to 
11.38% for the hardened air content. Furthermore, the specific p ore 
surface S increases from 50.76 mm²/mm³ at 0.00% AEA to 74.50 
mm²/mm³ at 2.50%, indicating the presence of more and smaller  air  
bubbles. Consequently,  the spacing factor L decreases and the total  
surface area of voids S.A f r e sh  increases with increasing AEA. Similar as 
for UHPC this does not necessarily assure a good freeze -thaw resistance.  
It is possible that the high air content alters the compressive and tensile  
strength in such a way that the resistance decreases despite a good 
spacing factor. Again, freeze-thaw tests could create  clarity.  




0.00 0.11 0.22 0.44 0.66 2.50 
Afresh [%] 1.2 5.4 6.2 11.5 14.0 17.0 
Ahardened [%] 
(size ≤ 3.5 
mm) 
1.0 4.4 6.7 10.9 11.28 11.38 
S 
[mm²/mm³] 
50.76 31.55 40.26 39.82 61.15 74.50 
L [µm] 254 215 141 114 73 60 
S.Afresh 
[m²/m³] 
609 1704 2496 4579 8560 12663 
 
Figure 4- 26: Cumulative curves of the air cavities in the high performance mortar at 28 
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The cumulative air void function of the different specimens is given in 
Figure 4- 26, the pore size distribution can be found in § 6.3.2. 
Increasing the air content first increases the slope of  the curve and from 
0.66%-wt. cement a shift to the left is registered. From that percentage 
on smaller air bubbles with a dominant size of 80 µm are introduced in 
the specimen. Finally , it is noticed that larger air bubbles than 50 µm 
are measured with this technique, making the pore size distribution 
obtained by MIP again questionable .  
Finally the hardened and f resh air content of the (U)HPC mixtures are 
compared in Figure 4- 27.  The UHPC mixtures can be separated from the 
HPC mixtures by their error bars.  For the first mixtures a good 
correlation can be found between bot h measurements. For higher air  
contents the deviation between the fresh and hardened air content 
increases. Several authors came to the same conclusion. (Khayat, K.H. ,  
1991) attributed the higher fresh air content in his tests to a 
combination of settlemen t and shrinkage in the concrete which takes 
place after casting or due to different levels of compaction between 
molded concrete specimens and those placed in a pressure airmeter.  
(Roberts, L.R. ,  2006) explained the higher hardened air content of his 
tests by a poor sample surface preparation which tended to erode the 
void edges, making them larger and thus contributing to a higher air  
content.  
 

























Hardened air content [%] 
R² = 0.92 
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Figure 4- 28: Sample surface of an HPC mixture with 0.44% AEA -wt. (left) and 0.66% 
AEA -wt. cement (right) prepared for an air void analysis. 
From Figure 4- 27 a similar trend as (Khayat, K.H.,  1991) is found for 
higher air  contents. Besides his explanation, another possibility is that 
the air bubbles obtained at higher percentages of AEA are so closely 
spaced that some of the bubbles are not measured, leading to an 
underestimation of the harden ed air content, Figure 4- 28. 
This is less the case for the fresh air  content where the compression of  
the bubbles is measured as well from the larger as smaller air bubbles.  
Furthermore, some statistical variation s have to be taken in account,  
certainly if  the test is performed only once.  
4.6. Fluorescence microscopy 
In order to verify the effect of vacuum mixing and air entrainment in a  
qualitative way, thin sections were prepared of the different (U)HPC 
mixtures. For this, mortar bars were made and stored in a climate room 
at 20°C±2°C and a relative humidity of 95%±5% until the age of testing. 
These samples were examined by fluorescence microscopy under a Leica 
DM LP polarization microscope. As the area covered with this technique 
was much less than with an air void analyzer , without taking extensive 
pictures, an in depth quantitative analysis of the dif ferent samples  was 
not performed . However, for the HPC mixtures it is  checked whether a 
pore size of 80 µm was dominan t in the mixtures as was concluded 
based on air void analysis.  
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4.6.1. Sample preparation 
At the age of three months, t he mortar samples are impregnated with 
epoxy under almos t vacuum conditions of 186 mbar . A yellow color is  
added to the epoxy that reacts f luores cent under UV-light.  The 
impregnation serves as strengthening of  the brittle  mortar, in order to  
prevent artifacts in the next stages of the preparation. The epoxy fi l ls  
all the air voids as well as the micro cracks  down to a size of 1.5 µm. 
Next, the specimens are sawn with a diamond blade cooled with ethanol 
to a slice of 1 cm. One side of the slice is paved unti l the cover of epoxy 
is just removed, whereupon the sample is impregnated a second time 
under almost vacuum conditions. At this point all the air  voids including 
the larger capillary pores are fil led. The slices are then paved again and 
a glass substrate is sticked on one side.  Finally the slice is reduced to a 
thickness between 25 µm and 30 µm with a special abrasive powder and 
a series of diamond blades. The thickness is thin enough when the white  
color of the quartz particles shifts to grey under polarized light. After 
this optical control of the thickness of the slice , the other side is 
covered with a glass substrate.  
4.6.2. Disadvantages of the preparation 
The preparation of the thin sections entails some drawbacks to 
investigate the pore structure of  cementitious material .  In order to 
determine the porosity, the pores should be perpendicular to and run 
over the whole thickness of the sample.  
 
Figure 4- 29: Visualization of the drawbacks of fluorescence microscopy. 
However, some pores cross the specimen diagonally, Figure 4- 29 (A).  
Furthermore, the air bubbles are only visible if  th e UV light is able to 
pass through the specimen. This means that pores smaller than 25 µm 
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are not running over the total  height of  the specimen and are very 
difficult to detect by the microscope , Figure 4- 29 (B). Other pores can 
have a variable cross section over the height of the specimen  which 
makes them thicker or smaller throughout the thin section, Figure 4- 29 
(C).  
4.6.3. Microscopic investigation 
From Figure 4- 30 to Figure 4- 33 the inf luence of vacuum mixing on 
MIX1-2-5 and the premix is visualized.  From these figures, with a  
resolution of 2.34 µm/pixel,  it is clear that the air  content red uction 
was performed effectively in the 5 liter capacity vacuum mixer.  In most 
images the larger air bubbles are decreased and the smaller air bubbles 
stay in the bulk mass of the mortar. Consequently, a higher specific  
surface and spacing factor will  be m easured as the air void analysis has 
pointed out, Table 4- 4. The area of  one picture in the figures  is 17 mm² 
compared with 2500 mm² in § 4.5. This means that in order to be as 
representative as an air void analysis, 147 pictures should be taken and 
analyzed under f luorescence microscopy. Due to the extensive work no 
quantitative analysis was performed and other techniques as computed 
tomography were preferred to validate  the results of the air void 
analyzer.  
 
Figure 4- 30: Influence of vacuum mixing on MIX1 visualized by fluorescence microscopy. 
The left image depicts a specimen made under 1013 mbar, the right image a specimen 
made under 50 mbar. 
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Figure 4- 31: Influence of vacuum mixing on MIX2 visualized by fluorescence microscopy. 
The left image depicts a specimen made under 1013 mbar, the right image a specimen 
made under 50 mbar. 
 
Figure 4- 32: Influence of vacuum mixing on MIX5 visualized by fluorescence microscopy. 
The left image depicts a specimen made under 1013 mbar, the right image a specimen 
made under 50 mbar. 
 
Figure 4- 33: Influence of vacuum mixing on the premix visualized by fluorescence 
microscopy. The left image depicts a specimen made under 1013 mbar, the right image a 
specimen made under 50 mbar. 
The white particles in the figures represent the quartz sand used in 
MIX1-2-5.  The brown color represents  the paste existing out of  si lica  
fume, quartz fi ller and cement. In case of MIX2 and the premix larger 
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aggregates can be distinguished. It has to be mentioned that the 
composition of the premix is unknown.  Furthermore, the air bubbles 
have a clear spherical form, which is not always the case for air that 
gets entrapped during the mixing proce ss. Most of the time these 
bubbles follow the periphery of  the aggregate and have an irregular 
form. This gives the researcher a way to distinct entrappe d from 
entrained air bubbles . However due to the high percentages of fine 
quartz sand in the UHPC mixtures it is more difficult for the air bubbles 
to follow the periphery of the aggregates. From Figure 4- 30 to Figure 4-  
33 it can be seen that the entrapped air bubbles are situated in the bulk 
of the specimen and not necessarily under the aggregates . This is also 
valid for the SCM without air entrainment, Figure 4- 34. This implies 
that the weight of the mortar above this air bubble is not supported by 
the granular framework developed by the aggregates as stated by 
(Mielenz, R.C. ,  1959). Consequently, an air content reduction can 
possibly have an influence on the workability and rheology of UHPC and 
non-air entrained SCM mixtures. This issue will be discussed in § 6.3.3 .  
 
Figure 4- 34 visualizes the influence of air entrainment on the pore 
structure of an HPC mixture.  By increasing the percentage of AEA, the 
amount of air bubbles increases significantly . This was also shown by 
the results of the air void analysis and the fresh air content determined 
by the pressure airmeter,  Table 4- 5. By comparing Figure 4- 34 with 
Figure 4-  30 to Figure 4- 33 a clear difference in type of aggregate can 
be distinguished. The HPC mixture shows gravel that is more porous 
where the fluorescent epoxy was able to penetrate under the applied 
pressure during preparation. In contrary, a much stronger basalt or 
bauxite is used in UHPC which was able to withstand the pressure 
during the impregnation of the samples.  On the one hand this should be 
taken into account when an MIP is performed on HPC mixtures. On the 
other hand it shows that an aggregate compatible wit h the strength 
class of the mortar is chosen for UHPC as indicated in § 3.6. 
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Figure 4- 34: Influence of air entrainment on the pore structure of an HPC mixture, 
visualized with fluorescence microscopy. 
For the HPC mixtures three images were captured with the Leica 
microscope . This number is again too low to be representative.  






Chapter 4:  Comparison between techniques altering the  
pore structure of (U)HPC  121  
samples. For this a  binary image was created with an image analysis 
tool . The image was converted to 8 bits and the air voids were 
thresholded manually , which was feasible due to the clear grey value of  
the bubbles. The peak in the histogram corresponding to the air voids 
was selected. After removing the background noise  the area of the air  
bubbles was quantified. Next, t he pore diameter and porosity were  
calculated and subdivided into similar classes as for the air void 
analyzer.  
 
Figure 4- 35: Determination of the dominant pore sizes in an HPC mixture with 
increasing amount of air entrainment. 
The results are shown in Figure 4- 35 where a dominant air bubble size 
between 60-80 µm is registered from 0.66%AEA. This  data confirms the 
results of the air void analysis in § 4.5.4 . Besides this, the larger air  
bubbles which are present at lower dosages of air entrainment tend to 
disappear. From these experiments it seems that a  more narrow air void 
distribution is obtained.  The ordinate in Figure 4- 35 is omitted,  





Pore diameter [mm] 
0.00%AEA 0.11%AEA 0.22%AEA 0.44%AEA
0.66%AEA 1.25%AEA 2.50%AEA
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4.7. Computed tomography 
Previous imaging techniques (air  void analysis and fluorescence 
microscopy) result in two dimensional images of the pore structure.  
This is however a strong simplification of the three dimensional 
structure giving rise to some disadvantages as mentioned in § 4.6.2.  By 
the aid of mercury intrusion porosimetry 3D information can be 
gathered on the pore structure. Again some  drawbacks are coupled to 
the technique as discussed in §4.4.3.  Besides this, no 3D-reconstruction 
of the total sample is possible with MIP. Furthermore, most 
measurements need dried specimens  which costs time and introduce s 
artifacts in the concrete , §4.3. Moreover , a ll  the previous  techniques are 
invasive which makes it  difficult to do further  experiments on the 
samples. Finally , the preparation of a thin section or the polishing 
before air void analysis  consume a great deal of time.  All these critics 
make computed tomography very in teresting as it provides a mean of  
obtaining images in three dimensions o f materials without any prior 
preparation such as drying, impregnation or polishing ( Gallucci , E. ,  
2007) and this in a non-destructive way (Cnudde, V.,  2013) . In general 
two types of tomographic methods are used  in research, a synchrotron 
X-ray CT and a microfocus X -ray CT. The first type has an X-ray beam 
that is almost parallel and has a high flux which makes it usefull to 
detect dynamic processes.  (Gallucci , E.,  2007)  & (Promentilla , M.A.B.,  
2008) used this tomographic method  to visualize the connectivity and 
tortuosity of the capillary network  of cement paste . In order to obtain a 
resolution of 500 nm a specimen of millimeter size  was used, which is 
representative for paste but less for the mortar specimens prepared for 
this project. A microfocus X-ray CT has a conical  beam which makes 
geometrical magnification possible by positioning the object under 
investigation at any position between the X-ray source and the detector,  
Figure 4- 36. This type of X-ray computed tomograph is available at the 
Ghent University Centre for X -ray Tomography (UGCT) . This is the 
reason why the second type is used.  For the mortars a core of  
centimeter size is dri l led out of the spe cimens. With a microfocus X -ray 
tube as source, Figure 4- 36, a spatial resolution of  6.5 microns can be 
obtained.  
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4.7.1. Working principles and artifacts 
The measuring principle  of computed tomography is based on the 
transmission of an X-ray beam through a  cementitious sample , Figure 4-  
36. According to the Beer-Lambert’s law the ratio of the number of  
transmitted to incident X -ray photons is related to the integral of the 
linear attenuation coefficient (LAC) . For a polychromatic beam as is the 
case for a microfocus X-ray tube this is expressed by equation (4.11).  
𝐼 = ∫ 𝐼0(𝐸)𝑒𝑥𝑝[∑ −𝜐𝑖(𝐸)𝑥𝑖𝑖 ]𝑑𝐸 (4.11) 
Where I0(E) is the initial intensity of the X -ray with energy E, I is the 
total intensity when the polychromatic beam traverses  a material with 
thickness x existing out of  i  segments with their own  linear attenuation 
coefficient ν i  and thickness x i  (Ketcham, R.A. , 2001) .  
While the sample is rotated from 0°C to 360°C on a rotating stage,  
hundreds of radiographs are acquired. These radiographs are obtained 
by first converting the low intensity X -rays into a visible light output by 
a scinti llator . Next,  the incoming photons ar e transformed to a  digital  
grey value between 0 and 255 by a  flat panel detector  and stored on a 
computer.  
 
Figure 4- 36: Working principal of a microfocus X-ray CT (Promentilla, M.A.B., 2010). 
In most CT scans an Aluminum or C upper filter is used to minimize 
beam hardening. Namely,  in a polychromatic beam the X -rays with low 
energy will preferentially be adsorbed by the sample. This give s rise to 
zones with a lower grey value in the sample and thus inf luences the 
porosity signif icantly .  
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After acquiring the two dimensional radiographs at different angels a  
reconstruction is needed to obtain a full 3D image. For a cone -beam, 
Figure 4-  36, the algorithm of Feldkamp, David and Kress is used 
(Feldkamp, L.,  1984). The reconstruction was done with the software  
Octopus (Dierick, M., 2004) , (Vlassenbroeck, J . ,  2007) . The program also 
eliminates the ring artifacts by applying a ring filter . This can occur if  a 
pixel of the detector continuously reg isters false information.  The final  
result is a stack of horizontal cross sections that provides the 
volumetric data of the scanned object .  
The resolution that can be obtained depends on the source -object 
distance (SOD), the source -detector distance  (SDD), the pixel size of the 
detector and the spot size of the X-ray source, Figure 4- 36. The best 
achievable resolution in the image can be determined with equation 







) 𝑠𝑥  (4.12) 
Where R e  is the achievable resolution in the image,  s x  the spot size of  
the X-ray source, δ  the pixel size of the detector and M the 
magnification which is related to the position of the sample and the 
separation between the source and detector M=(SDD)/(SOD).  Thus for a  
certain scanner, a high resolution is obtained at a high magnification. 
For this the sample should be positioned very close to the X -ray source,  
which is impossible for large samples as the image will contain artefacts 
if  the entire sample width is not imaged (Dewanckele , J . ,  2013).  
Consequently, an important relationship exists between the sample size 
and the resolution.  
Furthermore, the resolution should be chosen in function of the 
property that is of  interest in the project. In  case of porosity, i t is  
difficult to visualize the air bubbles as well as the capillary pores. The 
best practice is to scan a bigger sample  (Ø = 1 cm) to investigate the 
pore size distribution of the air voids. After processi ng this data , a new 
core can be dril led with smaller dimensions  (Ø = 1 mm) to examine the 
capillary porosity of the specimen. However,  it  should be mentioned 
that (Promentilla, M.A.B.,  2008)  only obtained a resolution of  500 nm, 
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on a volume sti l l representative for paste , which only represents the 
larger capillary pores, Table 4-  2. For other applications tomographs 
with a resolution of 200 nm and less  do exist (Provis, J .L. ,  2011) ,  
(Cnudde, V.,  2013) but the sample size on which the tests are  performed 
is not very representative for paste. Thus visualizing all capillary pores 
three dimensional  in a representative volume is not an easy task due to 
the correlation between the sample size and the voxel size . Finally,  a 
relationship exists between the density (ρ) , the atomic number (Z) , the 
X-ray energy (E) and the linear attenuation coefficient of  a material , 
equation (4.13).  




Where c and f  are energy-dependent coefficients (Dewanckele, J . ,  2013). 
As the LAC (ν) represents the ratio of absorbed on incident X -rays,  
which is translated to a grey value by the flat  panel detector , a 
correlation between the grey value,  the density and atomic numbe r can 
be found. Phases with a low density are dark (porosity) , phases with a  
high density are white (anhydrous cement) . Practically , this means that 
for a certain X-ray energy level a mapping could be performed between 
the different phases of  hardened ceme nt paste (ρ, Z) and the 
corresponding grey value (Promentilla,  M.A.B. , 2008), (Galucci , E. ,  
2007). However, due to the limited resolution not much information is 
reported in literature on this matter.  
4.7.2. Specifications of the scanner and sample preparation 
For the measurements a microfocus X-ray computed micro-tomograph 
was used (Masschaele, B.C. ,  2007) . This device scans a rotating small  
sample, with a fixed X-ray source. A Feinfocus ®  X-ray tube with a focal  
spot size of 1 µm was available . The samples were s canned at 130 keV 
and 107.7 µA. The source -object distance was 44.6 mm and the source -
detector distance was 862.8 mm. A Varian 2520V Paxscan a -SI flat panel 
detector (2000x1600 pixels, pixel  size 127 µm) with a CsI scinti llator 
screen was used to convert t he X-rays to a digital output. Beam 
hardening was reduced by the presence of a 1 mm Al -fi lter between 
source and detector. Unti l the age of testing, the samples were stored in 
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a climate room at 20°C±2°C and a  relative humidity of 95%±5%. After 
one year a  UHPC core is dril led from a slice of 1 cm thickness cut out of 
the same cubes used for the air void analysis. For HPC mixtures cores 
were dril led from the mortar bars made for fluorescence microscopy  & 
air void analysis . A cylinder with a diameter of 1 cm w as dril led.  
4.7.3. Pore size distribution 
Similar as (Galucci , E.,  2007) it was first checked which volume was 
statistically representative for the mortars investigated in this project.  
For this the standard deviation of the porosity in a series of volumes of  
progressively larger box sizes was measured with the program ecore . In 
this program, the box was shifted with a certain step length to cover the 
total volume of the scanned sample . This check was done for MIX1 -NV, 
MIX1-V and for the HPC mixtures with 0.66% A EA of  the cement weight.  
It was found that a cube with size 2.5 m m provided a standard deviation 
which was low enough, 0.0267% in case of MIX1 -NV, Figure 4- 37. 
 
Figure 4- 37: Stabilisation of the standard deviation of the air void content at 1 year of 
MIX1-NV vs increasing VOI (box length). 
The value of the standard deviation in case of a small box length is much 
higher than in (Galucci , E.,  2007). This could be expected, due to the fac t 
that this project uses mortar specimens instead of paste samples. A 
volume of  interest (VOI)  with side length 2.5 m m corresponds with a  
box existing out of 385x385x385 pixels.  As in the work of (Galucci , E.,  
2007) a safety margin  was applied on this VOI and the box length was 
set at 800 pixels , which corresponds to a volume of 140. 6 mm³. The 
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to reduce the computation time for  HPC mixtures with a larger amount 
of air entrainment .  
With this important information, the data reconstruction can be started.  
For this the UGCT developed an in-house 3D-analysis software package 
Morpho+ (Vlassenbroeck, J . ,  2007) , (Brabant, L.,  2011), (Dewanckele , J . ,  
2013). In a first step the reconstructed slices are loaded in Morpho+. As 
previously determined, 800 slices are selected  with a width of one pixel  
which was equal to 6,5 µm. As the samples were cylindrical  a square is  
cropped from all  the slices with a side of 800 pixels. In this way the 
volume of interest is obtained and ready for further investigation. In a  
next step a filtering operation is  applied. A bilateral filter was chosen to 
sharpen the edges of the air voids. The setting of the filter was  not too 
heavy to prevent geometrical changes in the VOI . Furthermore the image 
was transformed to an 8 -bit image.  Thereafter, segmentation is 
performed to separate the air voids from the solid material. As the 
difference in linear attenuation coefficient and thus grey value of water 
and air is below the resolution of the technique ,  both air voids and free 
water contribute to the porosity peak (Galucci , E.,  2007). This is also 
the reason why the specimens are not dried compared with mercury 
intrusion porosimetry, § 4.3. In theory, the segmentation should be 
straightforward as each grey value co rresponds with a certain 
attenuation coefficient  and a significant difference in density exists  
between air and the solid material. In practice the threshold is however 
less clear based on the histogram of the grey values (Boel, V. ,  2006).  
Moreover the intensity  generated by the X-ray microfocus tube  
fluctuates, consequently the density of the material  is not always given 
by the same grey value.  This is the reason why a standard ha s to be  
used,  in order to have a reference for the grey values.  To select a  
threshold in a  consistent way, several methods can be applied. In this 
project the best results were obtained with the K -means method. This is  
a histogram-based threshold which is  determined iterative ly . The initial  
threshold creates two clusters (air and mortar) of  which  the average 
grey value is  measured. Then the new thresho ld is  determined as the 
mean of the two previous averages and this is repeated unti l  
convergence is reached . Some drawbacks can be found in (Bultreys, T. ,  
2012). After the segmentation the porosity is set as foreground (white = 
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1) and the other phases as background (zero = 0), a conversion is thus 
made from a 8 bit image to a binary image.  On the binary volume , 
additional binary-to-binary operations can be performed. These are 
however restricted in order to maintain as much of  the information in 
the images as possible . First isolated foreground and background voxels 
were removed in order to reduce the noise in t he image. Next, the holes 
are fil led. In Morpho+ a hole is defined as a set of background voxels 
which is completely enclosed by foreground voxels.  This binary volume 
is now ready to be labelled. In this procedure each object of foreground 
voxels, in this case air voids, is assigned a unique label . Connected 
voxels will receive the same label if  they are part of each other’s 26 -
connected neighborhood. Next, for each voxel the closest Euclidean 
distance to the border of  the object is  calculated . Such informa tion is 
necessary as some air voids will receive the same label due to the high 
amount of contacts between them. This can be solved by applying a  
separation step, which uses the distance map  previously calculated . In 
Morpho+ this separation is performed wi th the help of a watershed 
algorithm (Vincent, L.,  1991) . In a final step, quantitative information 
can be obtained for the threshold data . In our  project, the air voids are 
characterized with their equivalent diameter.  This is the diameter of a  
sphere that has the same volume as the air void. Furthermore,  some 
restrictions are applied on the form of the air voids  of which the 
equivalent diameter is calculated . In order to exclude micro cracks and 
pores in the aggregates, the sphericity is set between 0.6 and 1. This 
means that the more spherical  air voids are selected.  Besides this, only 
air voids that consist out o f three voxels are withheld. This restriction  
results from the fact that the scanned volume is only a discrete 
representation of the real specim en. This poses several limitations:  
features smaller than the voxel size cannot be distinguished, due to 
partial volume effects voxels may contain more than one phase and the 
attenuation value is an average of the atten uation values of multiple 
phases and most important the determination of the shape and/or size 
parameters requires several voxels (Dewanckele , J . ,  2013).  
Consequently, the minimum object that will be quantified in this work 
exists out of 3 voxels. Of course this implies that only air voids la rger 
than 19.5 µm will be analyzed . This means that microfocus computed 
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tomography serves as a validation of the air void analysis and enables 
us to check the underestimation of the amount of larger air voids by 
MIP. With this information it is then possible to determine the pore size 
distribution obtained by computed tomography.  In Figure 4- 38,  the 
cumulative pore size distribution of the UHPC mixtures are visualized. A 
clear reduction by vacuum mixing is register ed for all the samples.  
Furthermore, i t can be stated that MIX1 -NV has more finer bubbles in its 
mass than the other mixtures. Similar as for the air void analysis the 
largest reduction by vacu um mixing was noticed for MIX1.  
 
Figure 4- 38: Cumulative curves of the air cavities in the UHPC mixtures at 1 year made 
under different mixing conditions obtained with microfocus X-ray computed 
tomography. 
Some peculiarities can be noticed in the cumulative curves of Figure 4-  
38. Apparently , almost no air could be detected in MIX5 -V and the curve 
of MIX2-NV is strongly influenced by one large air bubble causing a  
steep increase of the curve at 1500 µm. The last peculiarity is caused by 
the fact that the VOI is set , based on MIX1-NV, MIX1-V and the HPC 
mixture with 0.66%AEA. In these mixtures a lower amount of larger air  
voids was present according to the air void analysis , Figure 4- 24 & 
Figure 4- 26.  In order to prevent an important impact of these larger air  
bubbles a bigger VOI or even a bigger sample should be chosen. 
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constant in this work. Consequently, the balance between the resolution 
of the scan and how representative the sample size is for the 
characterization of the structure is very important.  
The effect of  air entrainment on the cumulative pore size distribution of 
the high performance  mixture is given in Figure 4- 39. As the amount of  
AEA increases, the hardened air content measured by computed 
tomography also increases. Similar as for the air void analysis the 
entrained air bubbles become smal ler in size from a dosage of  
0.66%AEA-wt. cement.  From that percentage on , a clear dominant size 
was measured around 80 µm. This size is sometimes used to model the 
influence of air bubbles on the workability of mortar  (Hot, J . ,  2013).  
 
Figure 4- 39: Cumulative curves of the air cavities in the high performance mortar at 1 
year made with different percentages of air entraining agent obtained with microfocus 
X-ray computed tomography. 
However, the results of the air void analysis  and computed tomography 
show that this is only valid for higher percentage s of air entrainment. In 
case of lower values, i t is uncertain which air bubble size has the largest 
influence. This as a consequence of the broader air void distribution.  
Therefore, it should be interesting to investigate the impact of different 
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no information is available on this matter, assumptions will have to be 
made, see also §6.3.  
In the last part of this paragraph it is checked how well the result s of  
the air void analysis in § 4.5.4 agree with those obtained with computed 
tomography. An overview is given in Table 4- 6 and a visualization in 
Figure 4- 40. 
Table 4- 6: Comparison between the hardened air content obtained by air void analysis 
and microfocus X-ray computed tomography. 
 MIX1 MIX2 MIX5 Premix 
 NV V NV V NV V NV V 
AAVA [%] 4.9 1.6 2.5 1.3 3.1 1.0 3.8 1.8 
ACT-scan [%] 3.5 0.4 2.3 0.5 1.3 0.0 1.8 0.5 
 AEA   
 0.00% 0.11% 0.22% 0.44% 0.66% 2.50%   
AAVA [%] 1.0 4.4 6.7 10.9 11.3 11.4   
ACT-scan [%] 0.6 2.3 6.7 8.7 10.8 12.0   
 
 
Figure 4- 40: Comparison of air volumes obtained by air void analysis (AVA) and 
microfocus X-ray computed tomography. 
In general it  can be concluded that a lower hardened air content is  
found with computed tomography compared to air void analysis.  
Besides the lower resolution of the la tter, the larger air bubbles present 
in some of the UHPC mixtures influences the total  porosity of the CT-
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content the more influence the binary operations have during image 
analysis. Smaller air  bubbles could easily  be lost during these 
operations reducing the total porosity.  Especially  when larger 
aggregates are used of which the porosity has been filt ered out more 
strongly than when small less porous aggregates were used.   
4.7.4. 3D rendering 
After scanning, reconstruction and image analysis,  the reconstructed 
volume can be loaded into the computer memory and visualized using 
3D-rendering techniques.  The prog ram VGStudio 2.0 (Volume Graphics) 
enables to cut through the object and to improve our insights in the 
structure. It is possible to visualize certain entities in the sample by 
selecting the correct threshold for the air voids, aggregates or paste. As 
this project deals with air bubbles,  this entity will be visualized.  
Furthermore, the program enables to rotate the specimen and to 
investigate the structure from different angles. It a lso provide s a  
function to select air bubbles in a certain range. This is  d one in our 
analysis to make a  difference between small  (blue),  medium (green) and 
large bubbles (red). However, no exact size range was coupled to the 
three classes, consequently the colors only serve for a qualitative 
discussion.  The quantitative information can be obtained from the void 
size distributions.  
4.7.5. Results and discussion 
From Figure 4- 41 to Figure 4- 48 the air void distribution of the 
different UHPC mixtures made  under 1013 mbar and 50 mbar are 
compared. The equivalent pore diameter s are classified in a frequency 
histogram with a 20 µm class interval up to 100 µm and a 50 µm class 
interval up to 1550 µm. At the right side of each histogram, a three 
dimensional representation of the pore structure is given. The different 
colors only serve for a qualitative comparison between specimens mixed 
under 1013 mbar and 50 mbar. From the histograms, i t is clear that the 
relative amount of smaller air bubbles increases after v acuum mixing.  
This is confirmed by fluorescence microscopy and air void analysis 
where it was noticed that the larger air bubbles are decreased and the 
smaller air bubbles stay in the bulk mass of the mortar. In fact, the 
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three dimensional representation s hows an overall reduction of the air  
voids which is more pronounced for the larger bubbles. Furthermore,  it  
is clear that voids larger than 50 µm are present in the ultra -high 
performance mixtures. This proves again the underestimation of the 
larger pore sizes by MIP.  For most of  the non -vacuum mixtures even 
voids of 1 mm and larger are registered by the CT -scan, Figure 4- 38.  
Finally, i t is useful to check whether  the peculiarities of § 4.7.3 are also 
seen in the three-dimensional representation of the pore structure . The 
lowest air content is indeed registered for MIX5-V for which almost no 
air bubbles could be represented ,  Figure 4- 46.  The large air bubble s 
influencing the cumulative curve of MIX2 -NV were not visualized in 
Figure 4- 43 and stayed hidden in the mass.  Nevertheless, they are 
registered by the histogram of Figure 4- 43 where air bubbles between 
1.5 and 1.55 mm appear in the bulk of the specimen.  
 
  
Figure 4- 41: Void size distribution of MIX1-NV with a three dimensional visualization of 
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Figure 4- 42: Void size distribution of MIX1-V with a three dimensional visualization of 




Figure 4- 43: Void size distribution of MIX2-NV with a three dimensional visualization of 
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Figure 4- 44: Void size distribution of MIX2-V with a three dimensional visualization of 
the air bubbles. 
 
  
Figure 4- 45: Void size distribution of MIX5-NV with a three dimensional visualization of 
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Figure 4- 46: Void size distribution of MIX5-V with a three dimensional visualization of 
the air bubbles. 
 
  
Figure 4- 47: Void size distribution of Premix-NV with a three dimensional visualization 


















































Equivalent pore diameter [µm] 
Total counts: 30 
Air content: 0.0%  
Total counts: 1566 
Air content: 1.8%  
Chapter 4:  Comparison between techniques altering the  
pore structure of (U)HPC  137  
  
Figure 4- 48: Void size distribution of Premix-V with a three dimensional visualization of 
the air bubbles. 
 
Similar figures can be made for the HPC  mixtures in order to 
demonstrate the impact of an i ncreasing amount of  air entrain ment on 
the pore structure of a high-performance mortar.  Again a frequency 
histogram for each dosage is accompanied with a three -dimensional 
representation of  the pore structure , Figure 4- 49 to Figure 4-  54. From 
the three-dimensional representations of the pore structure a clear 
increase in air content can be seen when the amount of air entr ainment 
is increased. Between 0.00%AEA and 0.66%AEA -wt. cement the 
frequency histogram shows the same shape. In general more than 65% 
of the total void counts in the HPC specimen have an equivalent 
diameter between 20 µm and 60 µm. At a dosage of 2 .5%AEA -wt. cement 
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Figure 4- 49: Void size distribution of HPC with 0.00%AEA-wt. cement accompanied with 
a three dimensional visualization of the air bubbles. 
 
  
Figure 4- 50: Void size distribution of HPC with 0.11%AEA-wt. cement accompanied with 
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Figure 4- 51: Void size distribution of HPC with 0.22%AEA-wt. cement accompanied with 
a three dimensional visualization of the air bubbles. 
 
  
Figure 4- 52: Void size distribution of HPC with 0.44%AEA-wt. cement accompanied with 
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Figure 4- 53: Void size distribution of HPC with 0.66%AEA-wt. cement accompanied with 
a three dimensional visualization of the air bubbles. 
 
  
Figure 4- 54: Void size distribution of HPC with 2.50%AEA-wt. cement accompanied with 
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If  the reader compares the cumulative curves of Figure 4- 38 & Figure 4-  
39 with the frequency histograms Figure 4-  41 to Figure 4-  48 and 
Figure 4- 49 to Figure 4- 54 a discrepancy can be noticed. From the 
histograms it is clear that a large number of the air voids have an 
equivalent diameter between 20 µm and 60 µm. The cumulative curves 
show however a  constant zone for these equivalent pore diameters. If  a  
volume-based approach is used to visualize the pore size distribution 
large air bubble s will dominate the curve due to their large volume. 
Only, when huge amounts of smaller air bubbles are present the curve is  
shifted to smaller air bubbles as can be seen for 0.66%AEA and 
2.50%AEA-wt.  cement.  In case a  number-based approach is used to 
visualize the pore size distribution the inf luence of the larger pores is  
eliminated. According to the author the last approach is a more 
representative way to visualize the distribution of the pore sizes,  
especially in case of small  samples  for the CT scans .  A choice should be 
made which approach is suitable for the property under investigation.  
For the compressive strength the volume of air bubbles is important. In 
case of the workability  and the freeze-thaw resistance it is more the 
number of pores that play an important role.  
4.7.6. Determination of the 3D-spacing factor 
In order to relate the freeze -thaw resistance to the pore structure  of the 
sample, the spacing factor or a similar alternativ e is  frequently used in 
literature. The first parameter can be obtained by an air void analysis.  
However, several drawbacks can be found in such an approximation .  
Despite the fact that the original definition of  the spacing factor is  given 
in a three-dimensional air void system § 4.5.3, the spacing factor is  
estimated on a two-dimensional surface. Consequently, this approach 
does not take into account the 3D characteristics of the air void system 
(Yun, T.S. ,  2012) . For example, the spacing factor of  an air void analysis 
can be misinterpreted as the pores have a variable  cross section over 
their height and the polished surface does not cross  the largest section 
in most cases. Consequently, this lead s to an overestimation of the 
spacing factor.  Furthermore, according to the work of  (Snyder, K.A. ,  
1998) it is unknown which exact percentile of  the histogram of  
distances from random points in the paste to its nearest air void surface 
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is represented by the spacing factor . According to (Snyder, K.A. ,  1998) 
the percentile varies with the air void distribution. Finally , all the 
spacing equations currently available determine the distance between a 
random point in the paste to the nearest air  void surface  two 
dimensionally . However, i t is possible that an air void underneath the 
polished surface is closer to that point, leading to a smaller spacing 
factor.  For these reasons it is interesting to investigate the air void 
spacing in three dimension s which becomes possible with the  data 
obtained by computed tomography. This idea was first mentioned by 
(Cnudde, V. ,  2009) and worked out by (Yun, T.S. ,  2012). The last author 
compared different approaches with each other.  In a first approach the 
distribution of paste-void spacing was determined by calculating the 
distance from 10.000 random points to the nearest air void surface . 
Next, the 95 t h  percenti le of the distribution of paste -void spacing was 
calculated. Furthermore a correction was made to take the presence of  
the aggregates into account as water cannot pass through the aggregates 
during the freeze-thaw cycles .  
 
Figure 4- 55: Schematic illustration of randomly oriented linear traverse lines crossing 
the air voids (Yun, T.S., 2012). 
A second approach consist of drawing randomly oriented linear traverse 
lines crossing the three dimensional air void spacing, Figure 4- 55. From 
this data the spacing factor can be calculated with equations (4.9) & 
(4.10). Different from the formula of Powers,  a correction was made for 
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the fraction of aggregates present in the mixture. A last approach 
comprises the estimation of the spacing factor by i dealizing air voids.  
From the CT-scan the individual air -void objects and their volume are 
known. Consequently it is easy to reconstruct mono -dispersed spherical  
air voids equally spaced in a cubic assembly of the same volume to 
estimate the spacing factor .  
rom the three approaches it was concluded that the spacing factor 
obtained by idealizing air voids was the largest and the paste -void 
spacing at the 95 t h  percentile the smallest . The ratio between the 
spacing factor obtained by the linear traverse metho d or idealizing air  
voids and the 95 t h  percentile  of the distribution of  paste -void spacing 
ranged from 1.20 to 1 .67. This was analogous as in (Snyder, K.A. ,  1998) 
where a  ratio of 1 .50 was obtained between idealizing air voids and the 
95 t h  percentile of the paste-void distribution obtained from a numerical  
air-void system in which the void diameter followed a lognormal 
distribution.  
The previous discussion highlight s the importance of a three -
dimensional approach of the spacing factor. Therefore, the autho r 
applied an approach slightly different from (Yun T.S. ,  2012).  In a f irst  
step, the reconstructed slices were loaded in Morpho+ and a VOI of  
800x800x800 pixels was selected in a similar way as § 4.7.3, Figure 4-  
56(A). The slices were however not converted to 8 -bit images. Next,  
aggregates and air bubbles are selected by a dual threshold where a  
strong threshold serves to filter out these entities and a weak threshold 
to fine-tune the selected border of the aggregates, Figure 4- 56(B). After 
that, a binary image is formed which is then inverted and saved, Figure 
4- 56(C). In this image the cement matrix is white and the aggregates 
and air bubbles black. In a second step the air bubbles are selected in 
the same way as in §4.7.3 with a K-means threshold. The obtained 
binary image is then converted. Next the objects are labelled and a 
distance map is calculated, Figure 4- 56(D). This gives the distance of  a 
point in the matrix or aggregate to the nearest air void surface  
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Figure 4- 56: Visualization of the procedure to determine the 3D-spacing factor. A: 
selection of a VOI; B: selecting aggregates and air bubbles; C: binary data of the inverted 
images of B; D: distance map from the paste & aggregates to the nearest air void surface; 
E: distance map multiplied with the images obtained in C. In the image of C the matrix is 
set to 1 and the aggregates & air bubbles to 0; F: segmentation of the air bubbles; G: 
total aggregate content. 
The latter is almost the definition  of the paste-void distribution with 
the exception that points from the aggregates are accounted for. In 
order to solve this problem, a post processing imaging tool is used. The 
slices with the distance map and the selected cement matrix are loaded 
separately in Image J .  All  the images are converted to 8 bit . Next,  the 
stack of cement matrix images is divided by 255. Consequently, the 
multiplication of both stacks will  result  in a distan ce map were the 
aggregates are filtered out , Figure 4- 56(E). The different steps to 
determine the 3D spacing factor are visualized in  Figure 4- 56. Similar 
as in (Yun, T.S. ,  2012) a correction can  be made to take into account 
that water cannot go through the aggregates. Therefore, the total 
800 pixels 
A B C 
D E F 
G 
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amount of  aggregates is  determined from the same CT-scans.  For this 
the air bubbles are again selected and saved without converting ,  Figure 
4- 56(F). Next the image of Figure 4- 56(C) is multiplied by 255 again. 
The obtained image is than added to the segmented air bubbles of  
Figure 4- 56(F). The result is shown in Figure 4- 56(G). The histogram 
of this stack of figures provides a tool to calculate the total aggregate 





Where Ag g  is the total  aggregate content, pixels 0 the total amount of 
pixels with a  value 0  (aggregates)  and pixels 255 the total  amount of  
pixels with a value 255 (matrix and air) . From the aggregate content,  
the paste content can be calculated. The correction is  then performed by 
multiplying the 95 t h  percentile of  the paste -void distribution with the 
paste content.  
However, the author does not believe in such a correction as the water 
will flow around the aggregate or follow an alternativ e path to a closer 
air bubble.  In fact it  will  follow the path with the lowest resistance. This 
means that connectivity , tortuosity and the characteristics of the air  
void spacing all have an influence on the distance the water has to 
travel to compensate for the shrinkage of the paste under a reduced 
temperature (Setzer, M.J . ,  2002). A better way to solve this issue, would 
be to write an algorithm for the distance map that takes the presence of  
an aggregate into account or even better to apply fluid dynami cs to 
solve this complex problem.  
The histogram and the cumulative frequency function  of the paste-void 
spacing of  MIX1-NV, MIX1-V and AEA 0.00%-0.11%-0.22%-0.44%-
0.66%-wt. cement are given in Figure 4- 57 to Figure 4- 63. In the same 
graphs, the 95 t h  percentile of the paste -void distribution is also 
included without a correction of the aggregate content in the mixture.  
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Figure 4- 59: Determination of the 95th percentile of the paste-void distribution of HPC 
with 0.00%AEA-wt. cement. 
 
 
Figure 4- 60: Determination of the 95th percentile of the paste-void distribution of HPC 
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Paste-void spacing [µm] 
L95%= 125 µm 
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Figure 4- 61: Determination of the 95th percentile of the paste-void distribution of HPC 
with 0.22%AEA-wt. cement. 
 
 
Figure 4- 62: Determination of the 95th percentile of the paste-void distribution of HPC 
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Paste-void spacing [µm] 
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Figure 4- 63: Determination of the 95th percentile of the paste-void distribution of HPC 
with 0.66%AEA-wt. cement. 
 
From Figure 4- 57 and Figure 4- 58 it  is clear that by reducing the 
amount of  air bubbles by vacuum mixing,  the histogram shifts to the 
right and becomes wider. In general the paste is situated further away 
of the closest air void surface in MIX1 -V than in MIX1-NV. Consequently,  
vacuum mixing leads to a higher value of the 95 t h  percentile of the 
cumulative frequency function of the paste -void spacing. In contrary, 
the addition of air  bubbles by air entrainment makes the histogram shift  
to the left and it becomes sharper. T hus by adding air bubbles the paste 
is situated closer to the closest air  void surfaces. Consequently,  a lower 
value of  the 95 t h  percenti le is obtained when air  entrainment is  used in 
the high performance mixture.  
For some of the mixtures a comparison is m ade between the spacing 
factor determined by the air void analyzer  based on idealizing the air 
voids in a cubic assembly and the 95 t h  percentile of the paste -void 
distribution obtained by a CT-scan and analyzed according to the 
procedure in Figure 4- 56 without a correction of the aggregate content .  
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Figure 4- 64: Comparison of the spacing factor determined by AVA and the 95th 
percentile of the paste-void distribution determined by CT. 
From Figure 4- 64 it can be seen that the spacing factor  (AVA) is a  
conservative measurement for  MIX1-NV, 0 .22%AEA and 0.66%AEA 
which are mixtures characterized by a higher air content. This makes 
sense as a threedimensional spacing factor takes into account the 
possibility that an air  void underneath the polished surface is  closer to 
a point in the paste than an air void in the polished surface.  
Nevertheless, the difference between both approaches is rather small.  In 
contrary, the spacing factor is smaller than the 95 t h  percentile of the 
paste-void distribution in case of MIX1 -V and 0.00%AEA, which are 
mixtures characterized by a lower  air content. This makes also sense as 
the spacing factor assumes that the air content is large enough to have a 
straight connection between a point in the paste to the closest air void 
without interference of  an aggregate,  thereby Powers j ustifies the use  of  
the factor p/A in his calculation of  the spacing factor , formula (4.9)and 
(4.10). The CT-scans show this assumption is only plausible for 
mixtures with a higher air content as the spacing factor corresponds 
well with the 95 t h  percentile of the paste -void distribution . In case of a 
lower air content as for MIX1 -V and 0.00%AEA the distance 
corresponding to the  95 t h  percentile of the paste -void distribution will  
not only cover paste but will a lso go along  aggregates (in our case 
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Besides this,  i t is  also unknown which exact percentile of the histogram 
is represented by the spacing factor (Snyder,  K.A. ,  1998). This 
percenti le will moreover depend on the air void distribution itself ,  
which makes a statistical approach difficult. Consequently, the 95 t h  
percenti le can be considered as more reliable for the assessment of the 
freeze-thaw resistance with and without dei cer salt.  It  not only contain s 
three-dimensional information but also is obtained by a clear statistical  
approach with less assumptions compared to the spacing factor .  
4.8. Environmental scanning electron microscopy 
The three previous techniques air void analys is, f luorescence 
microscopy and computed tomography all have a resolution of 10 µm  or 
more. In order to verify the validity of the pore size distribution of 
mercury intrusion porosimetry it is interesting to measure the capillary 
pores with a second techni que. Namely, when the capillary pores are 
measured by MIP an overestimation is obtained as some air bubbles are 
also considered as capillary pores because they are only accessible for 
mercury through smaller capillary tubes. In order to validate this 
overestimation a second technique to measure the capillary pores is  
necessary. Furthermore, such a technique is indispensable to determine 
the true influence zone of vacuum mixing. Therefore, environmenta l  
scanning electron microscopy (ESEM) is  used. Of course this technique 
is not perfect and comprises some disadvantages. Compared to 
computed tomography only two -dimensional information of a  polished 
surface is provided. This means that information on the connectivity of  
the capillary pores and the spacing factor has to be obtained in an 
indirect manner. As the samples were sawn, ground and impregnated 
the same remarks as in Figure 4- 29 are valid. The pore size distribution 
will be skewed towards smaller pores which are sections of larger pores 
in 3D (Scrivener, K.L.,  2004) . Furthermore,  the pore size distribution 
strongly depends on how accurate the sample preparation and the pore 
segmentation have been performed. This is even more pronounced for 
ESEM than for the previo us techniques (air void analysis, f luorescence 
microscopy and computed tomography) .  
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4.8.1. Sample preparation 
After 1 year small pieces were collected and freeze dried according to 
the procedure of §4.3. Next a similar preparation as (Snoeck, D. ,  2014 b) 
was applied. The broken pieces wer e positioned in a plastic mould  and 
evacuated in a  vacuum chamber. Next a low-viscosity epoxy resin (100  g 
Conpox Harpiks BY 158 and 28 g of Haerder HY 2996)  is fed into to the 
mould whilst sti l l under vacuum until the sample is fully submerged . In 
this way the brittle mortar is  strengthened  and a minimal damage will  
occur during polishing and grinding. Furthermore, due to the low atomic 
number the resin allows the pores to be visible and  be differentiated 
from the solid phases during backscattered electron (BSE) microscopy 
(Wong, H.S. ,  2006). After impregnation the vacuum is slowly released to 
push the epoxy in the pores of the specimen s.  After drying the 
impregnated specimens in an oven at 40°C for 48h, they were ground on 
a rotating wheel using a SiC abrasive paper (No. 320 -grit) and water 
during 3 minutes to expose a flat surface of the particles. As only UHPC  
samples were investigated, no second impregnat ion was performed. This 
is normally done because the penetration depth of epoxy resin is often 
very small and can be removed during the coarse grinding step  (Gao, Y. ,  
2014). As the UHPC samples have an excellent mechanical performance,  
not much material and epoxy will be removed and a second 
impregnation is not necessary . Next the specimens were ground more 
finely with SiC abrasive paper (No. 500 -grit and No. 1200-grit) for 3 
minutes with water. Thereafter, they were polished with abrasive paper 
No. 2400 grit and DP-lubricant brown for 1 .5 minutes. Subsequently, the 
specimens were polished with diamond paste (3 µm,  1 µm and 0.25 µm) 
and methanol. In between each polishing step the specimens were 
cleaned in a methanol bath to remove all loose dust particles and 
cleaned up with a low-relief  polishing cloth.  
4.8.2. Measurement and quality control 
The specimens were investigated under a BSE detector in a Philips-XL30 
- environmental scanning electron microscope  (ESEM) in a gaseous 
environment.  The acceleration voltage was 20 kV. A constant  
magnification of 500x was used, leading  to an image size of 1424  x 968 
pixels (254 x 173 µm). The calculated resolution of these images was 
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0.178 µm/pixel.  The images were taken in the cement paste,  
consequently the inf luence of the ITZ around the aggregates was 
prevented as much as possible . Next , the quality of the obtained images 
is investigated . An example of a micrograph is given in Figure 4- 65. In 
the micrograph no large and irregularly shaped pockets of black resin -
filled voids are detected, indicating that the coarse grinding stage was 
sufficient to reveal a proper epoxy -fil led surface. Furthermore, no patch 
microstructure was captured (Diamond, S.,  2004), (Diamond, S. ,  2005). 
This is characterized by broad dense and porous regions separated by 
sharp and distinct boundaries (Wong, H.S, 2006). This means that the 
coarse grinding stage did not remove too much weak material  and 
exposed epoxy free zones.  In case the latter occurred, the electron beam 
that is  directed on a pore will continue to travel below the observation 
plane unti l i t hits a solid material . Consequently,  the beam will be 
scattered back to the detector and result in a bright pixel depending on 
the average atomic number of the material on which it scattered . This 
will lead to more dense regions in the microstructure (Wong, H.S. ,  
2006). 
 
Figure 4- 65: Example of a micrograph of MIX1-NV. 
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4.8.3. Thresholding, sensitivity analysis and pore size distribution 
As with other imaging techniques a threshold has to be chosen in a  
consistent way in order to  select the capillary pores .  This segmentation 
is however less easy compared with air  void analysis, f luorescence 
microscopy and computed tomography. For those techniques air bubbles 
are thresholded with a well-defined edge and a clear transition from 
grey value corresponding to the bubble and grey values of the 
surrounding paste . As can be seen in Figure 4- 65,  this is less the case 
for the micrographs obtained with an ESEM. A similar remark was made 
by (Wong, H.S. ,  2006) who measured a gradual drop in brightness near 
the pore edge from a grey value of 100 to 20 over a distance of  
approximately 3 µm. For an air bubble of 50 µm the possible variation in 
size due to a change in threshold does  not have a large impact. In 
contrary, for capillary pores between 20 0 nm and 10 µm the influence of  
3 µm will have a an important impact on the pore size and thus the pore 
size distribution. Unfortunately, there is no generally accepted method 
to threshold such images. According to (Sezgin, M. 2004) the 
thresholding methods can be categorized in six groups according to the 
information they exploit , namely histogram shape -based methods,  
clustering-based methods, entropy based methods, object attribute -
based methods, spatial methods and local methods. A detailed overview 
can be found in their  work.  For cementitious materials most of the time 
a histogram-based method is used (Lange D.A. , 1993), (Scrivener, K.L. ,  
2004), (Wong, H.S. ,  2006). In case of young paste with a high water-to-
cement ratio the lowest peak in the histogram corresponds to the pores 
(Scrivener, K.L. ,  2004). However, i n this work UHPC is investigated at an 
age of 1 year, consequently no clear porosity peak in the histogram is 
differentiated.  For this reason the overflow method of (Wong H.S. ,  
2006) has been applied on the micrographs. For this the total  
segmented area is  plotted against the threshold level. The overflow 
point is  the inf lection point of the cumul ative curve. This inflection 
point is determined by the grey value corresponding to the intersection 
of two linear segments, Figure 4- 66. For a larger value a sudden 
increase in the area segmented can be observed when the surrounding 
solid phase is also selected. Due to the fact that the contrast was not 
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kept constant for the different frames, the threshold had to be 
determined for each individual micrograph.  
 
Figure 4- 66: Principle of the overflow threshold method. The segmented area in function 
of the grey value. The threshold for the porosity is obtained by determining the inflection 
point. 
 
Figure 4- 67: Micrograph of MIX1-NV (top) and MIX1-V (bottom). The raw picture from 
the ESEM at the left and the result of the pore segmentation with an overflow threshold 
at the right. 
y = 0.17x - 1.30 
























Grey value [-] 
 Chapter 4:  Comparison between techniques altering the  
156 pore structure of (U)HP C  
Next, the micrographs were transformed to a binary image in Image J by 
applying the calculated threshold. After cleaning up the bac kground 
noise, the images were ready for further analysis.  As can be seen in 
Figure 4- 67 the overflow method is a proper way of segmenting pores 
out of a micrograph of cementitious material . As the images were tak en 
in the cement paste, to prevent the inf luence of the ITZ around the 
aggregates. The porosity has to be corrected with the paste content of  
the mixture to take into account the presence of the aggregates. Based 
on Table 3- 6 the paste content for MIX1 was equal to 60.6%.  
In a next step a sensitivity analysis is performed to check whether the 
number of frames was high enough to obtain  a robust total porosity. For 
this the total porosity is plotted against  the number of frames for MIX1-
NV and MIX1-V in Figure 4- 68. As can be seen a stable total porosity is  
obtained with 15 frames taken for MIX1 -NV and 18 frames for MIX1 -V.  
 
Figure 4- 68: Sensitivity analysis of the total porosity in function of the number of frames 
investigated. 
A final step is the determination of the pore size distribution from the 
binary images.  As can be seen in Figure 4-  67 capillary pores are far 
from spherical.  So calculating a corresponding pore diameter assuming 
the pores as spherical like air void analysis, f luorescence microscopy 
and computed tomography is less appropriate . Moreover the data on the 
real shape and size of  the pore  section is available with ESEM which is 
different in case of MIP. The characterization of  the pore section can be 
done in several ways depending on the information interested in. In 
case the permeability and thus the connectivity of the material is  
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the pore size distribution is determined by calculating the sub -volumes 
of the pore space that are accessible to testing spheres of different 
radii .  A second possibility  is based on measurin g the changes produced 
when a binary image is  morphologically transformed by opening the 
image (Scrivener, K.L. ,  1989). Opening of a binary image consist of an 
erosion and dilation step with a structuring element of  increasing size .  
For a detailed overview on the operations opening, dilation and erosion 
of a binary image, the author refer s to (Dewanckele, J . ,  2013).  As this 
work is mainly interested in a comparison of several techniques to 
capture the pore structure , the porosity  will  be plotted against the area 
of the capillary pores captured with ESEM and measured with image J .  
4.8.4. Result and discussion 
All micrographs were analyzed according to the principles explained in 
§4.8.3. The result is a graph where the porosity is plotted against the 
pore area of MIX1-NV and MIX1-V. For each mixture the average is taken 
of all the frames captured by the ESEM . The largest differences are 
registered for pores between 18 µm² and 125  µm²,  Figure 4- 69. This 
reduction is also visualized in, Figure 4- 67. If  a pore diameter would be 
calculated from these pore areas the  reduction is most significant 
between 4.8 µm and 12.6 µm. These diameters are si tuated in the 
transition zone between air bubbles and capillary pores according to 
the categorization of (Mindess, S . ,  2002) , Table 4- 1. As mentioned in 
§4.4.4 the water content is not reduced by the vacuum technology.  
According to the phase diagram of plain water it stays in a liquid phase 
at a pressure of 50 mbar when the temperature is kept between 0°C and 
35°C, Figure 4- 4. This is  true during the whole mixing process. Even 
when a higher temperature is reached, the water has to be able to 
escape out of a very viscous mass. Consequently, it can be stated that 
the air content reduction seen in the micrographs are caused by the 
removal of very fine air bubbles which were difficult to measure with 
other imaging techniques due to their low resolution. A moderate 
reduction of the larger capillary (< 18 µm²) pores due to a higher 
hydration degree caused by a better packing density of the mixtures 
made under almost vacuum is not clearly seen in Figure 4- 69. In 
 Chapter 4:  Comparison between techniques altering the  
158 pore structure of (U)HP C  
conclusion, vacuum mixing reduces the air bubbles in UHPC and not the 
capillary pores.  
 
Figure 4- 69: Capillary pore distribution of MIX1-NV and MIX1-V. 
Next, a similar remark as (Wong, H.S. ,  2006) can be made concerning the 
ability of the low viscosity -resin to fil l  the smaller capillary pores under 
the applied pressure when vacuum is removed in the chamber d uring 
preparation. Despite the fact that one pixel had an area equal to 0.032 
µm² a decrease in the amount of pore sections smaller than 0.13  µm² 
was detected, Figure 4- 69, which could not be explained physically . A 
possible explanation could be that  the smallest detectable pore is 
controlled by the ability  of the epoxy resin to penetrate the fine 
capillary pores in spite of  the high resolution of ESEM and its ability to 
detect pores down to the nanometer level .  Especially for almost UHPC 
this issue should be investigated. It can be advisable to add an extra 
pressure on the specimen during impregnation to be sure the limiting 
factor is the resolution of the imaging system (Wong, H.S. ,  2006).  
Another remarkable issue  about Figure 4- 70 is the high total porosity.  
The results of ESEM give a porosity of 9 .5% for MIX1 -NV and 7.5% for 
MIX-V after 1 year curing.  In contrary, testing the same UHPC mixture 
with MIP after 91 days curing, only leads to a porosity of 4.5% for MIX1 -
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the fact that the pore size distribution obtained from ESEM images is  
skewed to smaller pores (Scrivener, K.L. ,  2004).  
 
Figure 4- 70: Porosity in function of the pore area obtained with an environmental 
scanning electron microscope. The pore diameters are given between brackets. 
As mentioned in §4.4.2 the percolation threshold according to the work 
of (Bonneau, O.,  2000) will  be around a hydration degree of 26% for 
MIX1.  Consequently, from Figure 3- 14 it can be derived that after 2 
days hydration a discontinuous pore network is for med. Besides this,  
the entrance of all the pores has to be accessible for mercury. In case of  
MIX1 the critical diameter is not reached at 200 MPa for mo st ages and 
curing conditions, appendix B. Consequently it is plausible that larger 
pores are not filled because they are disconnected of the pore network 
or connected to the surface of the specimen by pores with a diameter 
smaller than 7 nm. The amount of pores smaller than 7 nm will be 
discussed in §4.9 with sorption isotherms.  
The previous discussion ind icates that it is doubtful whethe r MIP is able  
to penetrate all pores present in the bulk of the specim en in its 
measuring range . Therefore, i t can be stated that MIP probably 
underestimates the total  porosity of UHPC. In contrary, the images 
obtained by ESEM give a  better approximation of  the total porosity 
taking into account pores greater than the resolution , provided that a  
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Finally, the question can be raised what type of pores are depicted in 
the micrograph of Figure 4- 65. Unti l now, the author assumed that 
UHPC consists out of entrapped air, capillary pores and gel pores. As 
mentioned in (Vernet,  C.,  2003) an UHPC mixture contains less water 
than stoichiometric required for comple te clinker hydration. This is the 
reason why a lot of anhydrous cement is sti ll seen in Figure 4- 65 
(bright particles). Consequently, a lot of water will be consumed for 
hydration and little will  be available to form capillary pores . However, a 
lot of pores of several micrometers are st i l l present in the UHPC 
mixture, Figure 4- 69. As discussed previously, some of these larger 
pores are small air bubbles, indicate d with a green circle in Figure 4- 
71. They are typically situated under a unhydrated cement grain.  
Besides this, some of the larger pores have the form of a cement 
particle,  indicated with a red circle in Figure 4- 71.  This is  reminiscent 
for hollow-shell pores formed from a phaenograin.  
 
    
Figure 4- 71: Micrograph of MIX1-NV cured for 1 year in a climate room at 20°C and a 
relative humidity of 95%. The red circles indicate full hollow-shell pores, the green 
circles indicate small air bubbles, the red arrows indicate the formation of an hollow-
shell pore. A magnification is also provided to see the difference in shape between a 
hollow-shell pore and a small air bubble. 
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According to the work of (Kjellsen, K.O . , 1999) this is certainly possible  
due to the incorporation of silica fume. The latter prevents the hollow -
shell pores to be fi lled up at a later age with CH, Afm or newly formed 
inner CSH. According to the referred work the hollow-shell porosity for 
a mixture with a water-to-binder ratio of 0.25 and 10 % silica fume is 
twice the capillary porosity. Unfortunately, the author of this work do es 
not have enough data to make a distinction between capillary pores and 
hollow-shell pores. Nevertheless from a visual inspection of the 
micrographs it  seems that more capillary pores with a tortuous form are 
present than hollow-sphere pores. Sti l l it is imp ortant to keep in mind 
that all  types of pore s are present in UHPC mixtures. Concerning the 
comparison with the data of MIP the presence of  hollow -shell pores 
does not change much as these pores are also connected with smaller 
gel and capillary pores to the surface of the specimen (Holzer, L. ,  2006),  
(Kjellsen, K.O, 1999). Thus the same discussion about their penetrability  
by mercury is valid as in case of capillary pores .  
4.9. Sorption isotherms 
As indicated in §4.8 vacuum mixing does not have a  significant influence 
on the capillary porosity  according to the images acquired with ESEM. A 
similar conclusion can probably be made for entrained air bubbles.  
Consequently, the influence on the gel porosity will also be very small  
and situated in the accuracy of the te st. Therefore, the effect of vacuum 
mixing on the gel pores is negligible and not tested.  
All previous techniques (except MIP) used to quantify the amount of  
pores in (U)HPC, did not investigate the effect of a heat treatment . This 
makes sense as the resol ution of most of these techniques is too low to 
quantify the gel pores.  However knowledge on the smallest pores is  very 
useful . A first indication of their importance can be seen in  the 
cumulative intrusion curves  of the MIP results in §4.4. Here no  plateau 
occurred during intrusion for most ages and curing conditions  of the 
UHPC samples. This makes it difficult to quantify a  critical pore 
diameter . Furthermore,  the knowledge on the pore size distribution and 
amount of gel pores are very important. This is certainly true for an 
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UHPC where the capillary porosity  is low and highly depercolated 
(Jennings, H.M., 2008b).  These larger pores are mostly connected to the 
surface by small  gel pores. Consequently, they determine for a high 
proportion the permeability of chlorides, sulfates and other aggressive 
media in UHPC. Besides this, gel pores control engineering properties as 
creep and shrinkage. These properties are very important for the 
structural integrity of large buildings but are not yet fully understood. 
In order to fully understand these  phenomena the variation of  gel  
porosity through drying,  curing condition and loading have to be 
investigated as this can alter the packing of the CSH  building blocks,  
mentioned in §4.1 . Finally,  the pore system is a  key characteristic  
linking processing, structure and properties and is therefore an 
appropriate focus for modelling  (Jennings, H.M., 2008b). As an input for 
such a model, information should be collected about the nanostructure 
of the CSH building units under varied processing,  curing and loading 
conditions. With this perspective, information on the effect of a heat 
treatment on the gel porosity of UHPC samples is very releva nt.  
Therefore sorption isotherms were performed with nitrogen and water 
vapor. The latter has the advantage to contain very small molecules 
with a high energy at room temperature and thus being able to enter 
very small pores.  Furthermore it is possible to measure the isotherm on 
a higher amount of paste which decreases the error on the 
measurement . However, a  long equilibration time is necessary which 
results in a limited number of data points (Verhoeven, L. ,  2001). Beside s 
this, the small molecules will also enter the interlayer space of the CSH 
building units, which will collapse due to natural drying (shrinkage and 
aging) or forced drying (sample preparation) . As the collapsed layers do 
not provide free surfaces they should not be considered as pore space  
according to some investigators (Jennings,  H.M., 2008a). In contrary,  the 
nitrogen molecules are larger and will not fi ll  the interlayer space of the 
CSH building blocks. Unfortunately, they either won’t be able to 
penetrate through the smallest gel pores that possibly block the 
entrance of the larger pores. Even when the N 2-molecules are able to 
enter into the smallest pores, this process is very slow due to the 
molecule’s low energy at this temperature  (-195°C), resulting in 
extremely long equilibrium ti mes for low relative pressures (Verhoeven, 
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L. , 2001). Consequently, the value of the real surface area will  be 
situated between the results of both techniques.  Furthermore,  the use of  
both techniques can also provide information on the distribution key of  
low density and high density CSH. This is possible if  it is assumed that 
the nitrogen molecules only fil l  pores of the low density CSH and the 
water molecules are able to penetrate both types. ( Jennings, H.M., 2000) 
stated that a higher nitrogen surface ar ea means a larger portion of LD-
CSH. 
4.9.1. Sample preparation and measurements 
The normal cured samples were stored in a climate room at 95% ± 5 % 
relative humidity and 20°C ± 2°C for 1 year. The heat treated specimens 
were first subjected to the procedure descr ibed in §4.2.1. The long 
curing period was chosen to stabilize the formation of hydration 
products  as much as possible . Little carbonation is expected during 
storage as the UHPC samples have a very dense pore structure,  which is  
proven by the results of the mercury intrusio n porosimetry. 
Furthermore, (Piérard, J . ,  2013) proved a very good resistance against 
carbonatation and mentioned a penetration depth of 1.5 to 2 mm after 
one-year exposure to 1%-CO2  atmosphere. Next,  the samples were 
crushed and sieved to pieces between 500 µm and 1000 µm . After that,  
the fine particles were dried by freeze drying for 3 weeks following the 
procedure of §4.3 . Before testing, the parti cles were collected in a small  
glass container and stored in the presence of soda lime , this procedure 
was identical  to (Snoeck, D.,  2014 a). Finally , the samples are ready for 
testing. The dynamic water vapor isotherm was determined with an 
apparatus from Surface Measurement Systems, London, UK. By 
measuring the mass as a function of time with changing relative 
humidity (RH) of the sample versus an empty reference, the sorption 
isotherm can be calculated. During the test the temperature was set to 
20°C and the mass criterion to proceed to the next RH was dm/dt < 
0.002 wt.%/min. A gravimetric system was used to measure the mass 
changes. The RH levels at which samples of 25 mg were subsequently 
equilibrated included 98 -90-80-70-60-50-40-30-20-10-5-2-1-0% RH. 
The dried samples were first  conditioned at 0% RH inside  the 
equipment and followed by two adsorption -desorption cycles  that 
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comprised a measuring time of 3 days .  The nitrogen sorption isotherm 
was determined with a Belsorp -mini  II .  The device was outgassed  
overnight during 12h at 110°C under almost vacuum conditions. Next,  
the test tubes were cooled down to the boiling point of nitrogen ( -
195°C) in order to absorb enough gas for surface area measurements 
(Aligizaki , K.K.,  2006). Subsequently,  nitrogen was a dded to the UHPC 
samples at a series of controlled pressures ( P/P0  ranged from 0 to 1, 
with P the equilibrated pressure and P 0  the saturation pressure) . After 
each increment, the pressure was allowed to equilibrate and the 
quantity of absorbed gas was dete rmined with a volumetric system. 
When the saturation pressure was reached, the pressure was reduced to 
register the desorption isotherm. Different as for water vapor 
isotherms, only one measurement was performed per sample.  
4.9.2. Interpretation of the sorption isotherms 
After the tests, the obtained isotherms are analyzed and categorized .  
The results can be categorized based on their adsorption isotherm or 
based on the form of their  hysteresis loop. In Figure 4- 72 and Figure 4- 
73 the isotherm obtained with water vapor and nitrogen are visualized.  
From these figures it  is  clear that more water vapor went in MIX1 -NV 
than nitrogen confirming the statement that the nitrogen molecules  are 
larger and do not have access to the smaller gel pores as is the case with 
the smaller water vapor molecules.  Furthermore, the water molecules 
have a strong dipole which is  strongly attracted to the ionic surfaces of  
the constituents in the hydrated c ements. In contrary, nitrogen is m ore 
weakly attracted than water.  
Figure 4- 72 indicates a good repeatability of the water vapor 
isotherms. Almost an identical adsorption and desorption branch is 
obtained for two subsequent measurements.  Furthermore, the 
hysteresis is similar as reported in literature (Adolphs,  J . ,  2004) and 
results in two closed loops.  
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Figure 4- 72: Adsorption and desorption isotherm obtained with water vapor for  
MIX1-NV. 
From the adsorption curve of Figure 4- 73 it can be postulated that the 
presence of micro pores will be minimal . According to the IUPAC 
recommendations,  such an adsorption isotherm can be categorized 
under type III or V and is characteristic for a non -porous solid or solids 
with macro pores. Taking into account the results of the previous 
sections and the larger size of the nitrogen molecules, the UHPC samples 
are presumable almost non-porous for nitrogen.  
 
Figure 4- 73: Adsorption and desorption isotherm obtained with nitrogen for MIX1-NV. 
The presence and the form of an hysteresis loop also gives an indication 
on the pore structure of  the material  investigated. According to the 
IUPAC recommendations the hysteresis loop of  Figure 4- 73 corresponds 
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body but a narrow throat (small gel pore) or plate-like pore (CSH 
building unit, Figure 4- 2) . In conclusion, the UHPC specimens seem to 
be almost non-porous to nitrogen molecules and the pores that are 
present are composed out of larger bodies and closed by a narrow 
throat.  
The presence of an hysteresis during the test can be explained by 
several phenomena. Some authors explain the hysteresis by t he 
presence of narrow throats as the entrance of larger capillary pores,  
similarly as for MIP (Kjellsen, K.O, 1999), (Aligizaki , K.K. ,  2006),  
(Jennings, H.M., 2008a). During adsorption, the wide pores are fi l l ed at 
high relative pressures (P/P 0) and cannot be emptied until  the narrow 
neck of the pore first  empties at low relative pressures. A possible  
indication for the correctness of this stat ement can be found in  the drop 
in mass between a relative pressure of 0.3 and 0.5 in Figure 4- 72 and 
Figure 4- 73. At this pressure the narrow throats are emptied and 
consequently also the connected larger pores (capillary pores or 
hollow-shell pores) , leading to the corresponding mass reduction.  
Another explanation, based on the presence of narrow throats is the 
nucleation and growth of  gas bubbles in the f luid of the connected 
larger pores at low relative pressures . Consequently, the larger pore s 
will empty and the narrow neck remain s f il led at that pressure (Ohba,  
T. ,  2007).  The hysteresis of the nitrogen isotherm is much smaller than 
in case of the water vapor isotherm d ue to the fact that nitrogen cannot 
fill  the smallest gel pores. Consequently the larger pores connected to 
these small pores are also not fi l led. Thus less hysteresis is registered 
compared with water vapor as these molecules even fill  the interlayer 
space.  
Before going into the models to interpret the obtained data, it has to be 
decided which branch of the hysteresis loop will be used to model with.  
Unfortunately, this issue is stil l today an open discussion between 
researchers. On the one hand the narro w throats give rise to 
constrictions during adsorption of nitrogen or water vapor molecules.  
According to (Aligizaki , K.K. ,  2006) the process by which the molecules 
enter these narrow throats is an activated diffusion process. The 
molecules are adsorbed at  the entrance of the pore and will eventually 
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obtain enough energy from the vibrations of surface atoms to pass over 
the energy barrier and enter the pore.  This process causes delayed 
menisci  formation (Korpa,  A. ,  2006). On the other hand, the desorption 
branch is subject to a delayed evaporation due to the presence of the 
narrow throats that prevent the larger pores to empty unti l a  lower 
relative pressure  (pore blocking) . Moreover,  when cavitation occurs 
during desorption, the pressure of desorption depen ds on the adsorbate 
and temperature and is  not correlated with the size of connecting pores  
as in the case of pore blocking. For nitrogen the critical width of the 
throats at which cavitation in the larger pore occurs, is 6 nm (Thommes, 
M., 2010).  According to the latter above this critical  size pore blocking 
occurs and below this cavitation controlled evaporation takes place.  
Finally, based on the form of the isotherm, Figure 4- 72 and Figure 4- 
73, it was decided to apply the  models on the adsorption branch  of the 
sorption isotherm, similar as (Snoeck,  D. ,  2014 a),  (Korpa, A.,  2006).  
Consequently, the obtained pore size distribution will not represent 
exactly the real distri bution. Nevertheless it is stil l useful for 
comparison.  
4.9.3. Models to interpret the sorption isotherms 
In order to interpret the isotherms several models are available to 
determine the surface area, the amount of micro (<2 nm)-, meso (2- 50 
nm)- and macropores (> 50 nm).  The distinction between pores is  
different as in CHAPTER 4. As these classes are commonly used when 
sorption isotherms are analyzed they will be used in t his section. A 
comparison with the previous techniques is given in §4.10. 
In this work the surface area is determined with the model developed by 
Brunauer-Emmett-Teller (BET) (Brunauer, S. ,  1938). This model 
assumes multilayer adsorption which is possible by assuming that the 
first layer of adsorbate molecules can serve as attachment site s for the 
next layer of molecules , Figure 4- 74. Furthermore, they assumed a 
balance between occupied and unoccupied attachment si tes on the 
surface of the pore wall.  Thus the number of molecules evaporating 
from a layer is equal to the number of  molecules condensing on the 
layer below. 
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Figure 4- 74: Schematic representation showing the stages of adsorption. left: monolayer 
adsorption, middle: multilayer adsorption, right: capillary condensation (Aligizaki, K.K., 
2006). 
Besides this it was also assumed that the adsorption energy of  the 
second layer was equal to the energy accompanied with the liquefaction  
of the water vapor. By summing for an infinite number of layers they 








Where, Vp  is the volume of adsorbed vapor at pressure P  per gram of  
absorbent , Vm  is the volume of gas adsorbed when the entire surface is  
covered by a monomolecular layer  per gram of absorbent , Figure 4- 74 
left , C is the BET constant, P is the pressure and P 0  is the saturation 
vapor pressure. A plot of P /(P0V(1-P/P0)) vs P/P 0  generally gives a 
straight line in the region of low relative pressures (0.1  ≤  P/P0  ≤  0.3) .  
From the slope and the intercept of this linear line V m  and the BET 









Where, sm  is the slope and i the intercept of the linear line. After the 
determination of  V m  the specific surface area can be calculated with 





Where SB E T  is the specific surface area according to the BET theory, N a  is  
the Avogadro constant  (6.023 10 2 3  molecules/mol) ,  σ  is  the average 
Chapter 4:  Comparison between techniques altering the  
pore structure of (U)HPC  169  
area occupied by one molecule of adsorbate in the completed monolayer 
and VM , g a s  is the molar volume.  In a strict sense the BET equation is 
applicable for surface area analysis of nonporous - and mesoporous 
materials consisting of  pores of wide pore diameter, but not for 
microporous adsorbents (Thommes, M., 2010). Therefore, the amo unt of  
micropores should be quantified in order to check the validity of the 
BET specific pore surface .  
The pore size distribution in the mesopore range is determined with the 
model developed by Barett, Joyner and Halenda (BJH) and is valid in the 
pore range between 2 nm and 50 nm. For the pore distribution of larger 
pores (macropores) the reader is referred to the results of the mercury 
intrusion porosimetry  and other techniques . Based on the Kelvin model 
for pore fi lling shown in Figure 4-  75, where both capillary and 
adsorbed water phases exist in cylindrical pores, the pore size 
distribution can be calculated in an iterative way.  
 
Figure 4- 75: Schematic figure showing the Kelvin radius rK , the pore radius rp and the 
thickness t of the film adsorbed on the pore wall of a cylindrical pore. The contact angle 
θ between the meniscus and the pore wall is also indicated. (Aligizaki, K.K., 2006) 
The volume difference between two sorption ste ps can be calculated 
with equation (4.19).  
Δ𝑉𝑙𝑖𝑞 = 𝜋?̅?𝐾
2𝑙𝑐 +  Δ𝑡 ∑ 𝑆 (4.19) 
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Where ΔV l i q  is the volume of adsorbed molecules between two sorption 
steps, converted from gas to liquid if  necessa ry. lc  is the height of the 
cylindrical pore, Δt is the change in absorbed layer thickness between 
two successive steps, ∑S is the sum of the surface area of all the pore 
walls fi lled during previous steps and r K  is the average Kelvin radius  in 
which condensation occurs taken between two sorption steps and  








Where χ is the surface tension, θ is the contact angle  between liq uid and 
pore wall ,  R the universal gas constant (8.314 J/(K.mol)) , T is the 
temperature. The thickness of the adsorbate layer in equation (4.19) is  





Where τg  is the thickness of one layer and Vp  is the adsorbed gas volume 
at the respective relative vapor pressure  per gram of absorbent . In case 
of nitrogen isotherms the thickness of the adsorbed nitrogen layer in 
function of the relative pressure is calculated by the Halsey equation 
given by (4.22) (Halsey, G.,  1948).  The thickness of a monomolecular 
layer of water is assumed to be 3  Å  (Aligizaki , K.K.,  2006).  









The total pore volume fil led between two successive sorption steps is  




)2 (Δ𝑉𝑙𝑖𝑞 − Δ𝑡 ∑ 𝑆) (4.23) 
Where rp  is the average pore radius composed out of the Kelvin radius 
where condensation occurs and the thickness of the adsorbed layer 
between two successive sorption steps , Figure 4-  75. The surface area S 
of the pore walls can be calculated with equation (4.24). 
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In case of nitrogen isotherms the volumetric system measures the 
differences in nitrogen gas after each adsorption step, while the 
nitrogen is adsorbed as liquid in the sample that is cooled down to -
195°C. Consequently, the volume  of gas has to be converted to the 




 𝑉𝑀,𝑙𝑖𝑞  (4.25) 
Where ΔVg a s  is the volume of gas registered b y the volumetric system 
between two successive sorption steps,  V M , l i q  the molar volume of liquid 
nitrogen (34.6 cm³/mol) and V M , g a s  the molar volume of nitrogen gas 
(22400 cm³/mol).  A detailed calculation example of the BJH method can 
be found in (Gruyaert , E.,  2011). An overview of the parameters to 
determine the pore size distribution and surface area based on water 
vapor and nitrogen isotherms is given in Table 4- 7.  
Finally,  the remark has to be made that the me chanisms of water 
adsorption in porous materials are not yet fully understood. In the BJH 
and BET method a monolayer or multi layers are assumed to adsorb over 
the whole pore surface, this is however sti l l a point of discussion.  
Nevertheless for comparative  studies the results obtained from these 
models are relevant.  
Table 4- 7: Values of parameters to determine the pore size distribution in case of water 
vapor and nitrogen sorption isotherms. 
Parameter Water vapor Nitrogen 
Surface tension [N/m] 7.28 10-2 8.85 10-3 
Liquid’s molar volume [m³/mol] 18.0 10-6 34.6 10-6 
Gas molar volume [m³/mol] / 22400 10-6 
Contact angle [°] 0 0 
Temperature [K] 293 77 
Cross-sectional area [m²] 0.114 10-18 0.162 10-18 
Liquid’s molar mass [g/mol] 18 / 
As mentioned earlier the BJH method is not valid for pores smaller than 
2 nm. Therefore,  the Dubinin-Radushkevich equation was used to 
quantify the volume of micropores in a sample (Dubinin, M.M ., 1947).  
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When the size of  the gas molecules is comparabl e with the diameter of  
the pore , the pores are filled by volume rather than by layer -to-layer 
adsorption on the pore walls  as in Figure 4- 74. In fact the equation is 
based on the assumption of a change in potentia l  energy between the 
gas and adsorbed phases, and the characteristic energy of the solid  
(Nguyen, C, 2001) . Furthermore , they postulated that bringing a gas 
molecule in a micropore is depending on both the adsorbate and the 
adsorbent. These assumptions lead to the Dubinin-Radushkevich 











Where V0  is the micropore volume per gram of adsorbent , Vp  is the 
volume that has been fi l led at a relative pressure of P/P0  per gram of  
adsorbent , B a structural constant related to the width of  the Gaussian 
pore distribution and β s  is the similarity constant depending solely on 
the adsorbate. In case of water vapor a  value of 0 .39 is assumed and in  
case of nitrogen a value of 0.33 is generally applied. By plotting log V p  
against log²(P 0/P) a straight line is obtained for relative pressures 
between 0 and 0.1. With an intercept that is equal to the total micropore 
volume V0  and a slope from which the similarity constant can be 
derived. For higher relative pressures the line deviates from linearity 
and displays an upward turn as the saturation vapor pr essure is 
approached. This is  due to the adsorption of multilayers and the 
capillary condensation in the mesopores (Aligizaki, K.K.,  2006).  The 
micropore range is also subdivided into those smaller than 0.7 nm 
(ultramicropores) which are filled at relative pressures lower than 0.01 
and those in the range of 0.7 –  2 nm (supermicropores) which are f il led 
for P/P 0  ≈ 0.01 - 0.2 (Thommes, M., 2010). 
4.9.4. Results and discussion 
In first  instance the results of the specific surface area will  be 
discussed. Next the pore size distributions obtained by the BJH method 
will be examined and finally the amount of micropores will b e compared 
to that of the mesopores based on the Dubinin -Radushkevich equation. 
During these steps, a comparison will be made between normal cured 
and heat cured UHPC specimens and between nitrogen and water vapor 
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sorption isotherms. An overview of  the isotherms can be found in 
appendix C.  As already explained, the drop between P0/P = 0.3 and P0/P 
= 0.5 indicates the presences of narrow throats that block the 
evaporation from the larger pores connected to them  (pore blocking) or  
the occurrence of cavitation  in the larger pores . Due to the heat curing 
of MIX1-HNV the formation of high density CSH with the embedment of  
nano-CH crystals between the large gel pores (3 -12 nm) is favored 
(Vandamme, M. , 2010), (Chen, J .J . ,  2010) . This leads to more and smaller 
constrictions, which is confirmed by the bigger drop between P0/P = 0.3 
and P0/P = 0.5 for the water vapor isotherm of MIX1 -HNV compared to 
that of  MIX1-NV. From the nitrogen isotherms it  is  seen that very few 
molecules are able to adsorb in the UHPC samples. This can be explained 
by the fact that nitrogen molecules are not able to penetrate the (ultra)  
high density CSH (Jennings, H.M.,  2008a). The low nitrogen adsorption 
confirms that (ultra) high density CSH is the principal type of CSH 
formed in ultra-high performance mortar (Vandamme, M. , 2010). This is 
especially seen in the results of the heat cured specimens, where the 
formation of more (ultra) high density CSH leads to an insignificant 
nitrogen adsorption (situated within the measurement accu racy of the 
volumetric system). The results of the BET analysis are summarized in 
Table 4- 8, both the specific pore surface and the BET-constant are 
given.  
Table 4- 8: Specific pore surface and BET constant (C) determined according to the 
Brunauer-Emmett-Teller method. 
 SBET [m²/g] C [-] 
MIX1-NV-H2O 35.62 6.67 
MIX1-HNV-H2O 43.14 2.80 
MIX1-NV-N2 1.45 45.53 
MIX1-HNV-N2 0.45 30.26 
MIX2-NV-N2 1.41 19.50 
MIX5-NV-N2 3.63 31.48 
Premix-NV-N2 5.87 64.15 
The results of the BET analysis based on nitrogen isotherms, are in good 
agreement with those of  (Herold, G. ,  2004) who reported a S B E T , N 2  of 
2.88 m²/g for normal cured specimens and 0.36 m²/g for heat cured 
specimens. Furthermore, they were in the same  range as (Vernet, C. ,  
2003) who measured a S B E T ,  N 2  of 8 m²/g for normal cured specimens 
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and 1 m²/g for heat cured specimens.  Similarly as for mercury 
intrusion, the nitrogen molecules are not able to capture the effect of  
the heat curing as this technique leads to less large gel pores  and more 
high density CSH, which should give rise to a  higher specific surface 
area. In contrary, the water vapor isotherms recorded this effect 
properly as a clear increase in S B E T ,  H 2 0  was registered.  The results are 
somewhat higher than 16.04 m²/g as reported in (Adolphs, J . ,  2004).  
However, i t is not valid to state that these are the real specif ic surface 
areas as the low value of the BET -constant (C) indicates a blurry end of  
the monolayer formation during adsorption and makes the 
determination of S B E T  less accurate (Herold, G.,  2004).  Nevertheless, the 
information is useful to discuss the effect of a heat treatment on the 
pore structure of UHPC.  
Next, the pore size distribution is determined with the BJH method.  The 
results based on the water vapor isotherms are given in Figure 4- 76 in 
function of the pore diameter (d p).  
 
Figure 4- 76: Pore size distribution of MIX1-NV and MIX1-HNV according to the BJH 
method based on water vapor isotherms. 
A peak is registered around 6 nm for MIX1 -NV and 4.5 nm for MIX1 -
HNV. A clear shift towards smaller pores due to heat curing is noticed.  
Furthermore,  it  explains why the critical  diameter during the mercury 
intrusion porosimeter test is not reached at a pressure of 200 MPa as 
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occurred during nitrogen isotherms the results of the pore size 
distribution were omitted as they were difficult to interpret .  
Based on the BJH method and the Dubinin -Radushkevich equation the 
amount of mesopores and micropores can be calculated. Due to the 
larger size of the nitrogen molecules more  macro pores > 50 nm will be 
filled, which is less  the case for water vapor molec ules.  The largest pore 
that could be filled by nitrogen molecules is 100 nm compared to a 
value of 65 nm for water vapor molecules.  The results are shown in 
Figure 4- 77. Due to the rather low amount of micropores,  the BET 
method previously described is valid to use.   
Based on the water vapor isotherms of MIX1 a heat curing increases the 
amount of mesopores (2 -50 nm), while the amount of micropores (<2 
nm) stays more or less the same, Figure 4- 77. The latter makes sense as 
the packing density of  the CSH globules , thus the larger gel pores (3 -12 
nm) is altered and not the small gel pores insight the CSH globule itself  
(1-3 nm) by a heat treatment. The increase in mesoporosity  is the 
outcome of several factors,  namely a  densification of the larger gel  
pores by a heat treatment, an increase in capillary porosity due to the 
beter packing of the globules and a decrease of the capillary porosity by 
the formation of  secondary CSH from the si lica fume particles activated 
by the heat curing.  
 
Figure 4- 77: Volume of mesopores (2 – 50 nm) and micropores (< 2 nm) in UHPC 
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Due to an increased packing density of the CSH building units, the 
narrow throats that possibly form the entrance of larger pores become 
smaller . Thus it becomes more difficult for larger molecules like 
mercury (§4.4) and nitrogen to penetrate on the one hand the  larger 
pores and detect the smaller throats . The latter is seen for MIX1 in 
Figure 4- 77 where the amount of micro-,  meso- and macropores 
decreases based on nitrogen sorption isotherms . A similar trend was 
registered when mercury intrusion was performed. Both the gel pores 
(> 7 nm) and the capillary pores decreased , appendix B. In contrary, this 
problem do not occur for the smaller  water vapor molecules which are 
able to penetrate the (ultra) high density CSH and even the interlayer 
space of the CSH building units (Jennings, H.M., 2008a).  Finally , the 
higher amount of mesopores in MIX5 and the premix could be due to a  
larger interfacial transition zone compared with MIX1 and MIX2.  
4.10. Comparison between pore characterization 
techniques and techniques altering the pore structure 
4.10.1. Comparison between pore characterization techniques 
In previous sections a  lot of data on the pore structure is collected with 
several pore characterization techniques . This data will now be used to 
check the validity of MIP.  The largest range of  the  pore structure  can be 
measured by mercury intrusion porosimetry  (7 nm –  100 µm) which 
makes the technique very attractive. Nevertheless, as explained in 
§4.4.3 the interpretation of the technique is accompanied with some 
drawbacks. For this reason diffraction techniques were applied to 
obtain a  second interpretation of  the pore structure. Air  void analysis,  
f luorescence microscopy,  co mputed tomography and environmental 
scanning electron microscopy were performed . The latter provides 
information on pore  sizes between 0.5 µm to 20 µm. As the inf luence of  
a heat curing is  more pronounced for the smallest pores in UHPC a 
second intrusion technique was applied namely, nitrogen or water vapor 
sorption isotherms. These techniques provide information on pores 
sizes between 2 nm and 50 nm.  
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From this discussion it is clear that several techniq ues will  have to be 
combined in order to make a compar ison with the results  of the MIP.  Of  
course, this combination will come with some difficulties.  Some 
techniques have different measuring principles and are based on 
different assumptions. Techniques as computed tomography give direct 
three dimensional information of the pore structure without any drying 
procedure but is  however restricted in resolution. The pore diameter is  
determined as an equivalent diameter of a sphere where the volume is 
similar as the real pore volume. Fluorescence microscopy and air void 
analysis give only two dimensional information of the air bubbles  and 
stereological principles have to be used to obtain three dimensional 
information. The same can be said about ESEM , but moreover the results 
are influenced a  lot by the preparation of  the samples as discussed in 
§4.8. On the other hand MIP and sorption isotherm s are based on the 
intrusion of mercury, nitrogen or water vapor. The pore size 
distributions derived from these techniques all assum e cylindrical  pores 
and the diameter represents the width of the open pores or throats as 
discussed in §4.4 and §4.9. The fil ling of these pores is however a three 
dimensional process. Therefore, it seems logical first to combine 
sorption isotherms, MIP and microfocus X-ray CT (µCT) in one graph 
and draw some conclusions based on this figure. Only the pore size 
distribution of the water vapor isother ms is used, as the nitrogen 
isotherms did not provide usef ul information. The comparison is done 
for MIX1-NV. A useful way to present the different results can be found 
in (Lange, D.A. , 1994).  Here the cumulative pore fraction is drawn in 
function of the pore diameter.   
Figure 4-  78 shows the results for a normal cured specimen MIX1 -NV. As 
already pointed out in the previous chapters, the measuring principles 
of mercury intrusion porosimetry lead to an underestimation of the air  
bubbles which can be explained by the pore potential theory, § 4.4.1 . 
This is confirmed by the results of the CT -scans, which clearly show the 
presence of larger air bubbles in the UHPC specimens. Furthermore, the 
curve of the water vapor sorption isotherms has a maximum slope 
between 4.6 nm and 6.3 nm for MIX1 -NV. Consequently, a higher 
pressure would be necessary in the MIP to measure the critical  
diameter. This was not done in this work to keep the pore structure 
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undamaged. Nevertheless, a combination of MIP and sorption isotherms 
provides the information of interest. Despite, the valid information of  
the microfocus CT-scans and the water vapor sorption isotherms some 
lack of information exists between 0.065 µm and 2 0 µm in order to get a  
full interpretation of the pore structure excluding the results of MIP.  
 
Figure 4- 78: Cumulative pore fraction in function of the pore diameter determined by 
water vapor sorption isotherms, mercury intrusion porosimetry and computed 
tomography for MIX1-NV. 
As pointed out in the beginning of this section,  three dimensional 
information is preferable as no stereologi cal principles have to be used.  
Furthermore they give the possibility  to obtain information o n the 
connectivity of the pore structure when the resolution is small enough 
and this often without a  drying procedure and in a non-destructive way .  
As pointed out by (Uchic, M.D.,  2007) several techniques exist to fil l  in 
the lack of information between 0 .065 µm and 20 µm. (Promentilla ,  
M.A.B. , 2009) used a synchrotron X -ray CT to obtain information down 
to a voxel resolution of 500 nm on paste samples. (Holzer, L, 2007) 
obtained information in this region with a  focused ion beam tomograph 
with a voxel resolution of  approximately 20 nm to 40 nm.  Figure 4- 79 
gives an overview of the different 3D -microscopy methods to visualize 
the pore structure. Besides the high cost to  purchase such an advanced 
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resolution at the same time in order to obtain a representative anal ysis 
are not easy to accomplish compared with indirect measurements as 
MIP and sorption isotherms, Figure 4- 79. One possibility is multi -scale 
imaging as mentioned in (Cnudde, V. ,  201 3) and in §4.7.1, where it is 
porposed to visualize the air bubbles in a core of 1 cm and the larger 
capillary pores in a core of 1 mm. Furthermore, a t  Ghent University a  
FEI Nova 600 Nanolab Dual-Beam FIB is available at the Photonics 
Research Lab which combines a SEM with a FIB and enables to 
investigate sub-100 nm structures.  This forms another possibility to 
cover the range between 0.0 65 µm and 20 µm. Different as multi -scale  
imaging, focused ion beam tomography is a  destructive measuring 
method. As the author was not aware of these possibilities  and time was 
limited,  they were not explored. However, they can provide interesting 
information on the pore structure and its connectivity in future 
research. In this thesis the two dimensional information obtained with 
ESEM is used to cover the whole range of pores without using the 
information of the mercury intrusion porosimetry.  
 
Figure 4- 79: Comparison of FIB tomography with other 3D-microscopy methods based 
on the work of (Holzer, L., 2014) in combination with 3D techniques used in this thesis 
indicated by a black star (MIP, microfocus X-ray CT-scan and sorption isotherms). 
The cumulative pore fraction in function of the pore diameter is  
visualized in Figure 4- 80. The pore widths of the ESEM images were 
3D-atom probe/LEAP  
Electron tomography  
FIB tomography  
X-ray tomography/ microscopy 
mechanical serial sectioning  
MIP 
Sorption isotherms  
Microfocus X-ray CT-scan 
Ap pr oxi m at e r eso lut i on  
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derived by calculating the diameter of a  circle  with  the same surface as 
the real pore. In reality this assumption is not valid, § 4.8 , but the 
obtained information can be used to indicate which region of pores is  
covered by ESEM. The “total” curve in Figure 4- 80 is the result  of  
combining the data from ESEM, CT-scans and water vapor sorption 
isotherms. As no overlap between the three techniques exists it is  
straightforward to combine the data . When the total  curve is compared 
with that obtained by MIP, the underestimation of  the larger pores by 
the latter is clearly visualized. It a lso indicates that a lot of the capillary 
pores and air  bubbles in UHPC are connected to the surface by small gel  
pores,  which is the principal  reason of the shift to the left of the MIP -
curve compared to the total-curve.  Despite the combination, some pore 
sizes are not covered by the different techniques. This can be seen by 
the f lat regions in the total -curve. A possible solution can be the use  of  
FIB-nanotomography to fi l l  in the region between 0.1 µm and 1 µm. The 
lack of pore sizes between 10 µm and 75 µm could be checked with an X -
ray CT scan with a lower resolution on a  representative sample volume , 
Figure 4- 80.  Despite the fact that its  working principle is  not yet fully  
elucidated, water vapor sorption isotherms are sti l l the most commonly 
used measurements in concrete technology to determine the smallest 
pores.  
 
Figure 4- 80: Comparison between the pore size distribution of MIP and the one obtained 
by combining the results of computed tomography, water vapor sorption isotherms and 
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Table 4- 9: Comparison of the porosity categorized according to gel pores, capillary 
pores and air voids. 
Porosity (%)  
< 10 nm 
Gel pores 
10 nm –  10 µm 
Capillary 
pores 
10 µm -1 mm 
Air voids 
MIP 0.86 3.18 0.16 
AVA 0.00 0.00 4.93 
CT 0.00 0.00 3.40 
ESEM 0.00 9.01 0.49 
H2O sorption 4.37 2.23 0.00 
A comparison of  the porosity categorized in gel  pores, capillary pores 
and air voids is given in Table 4- 9. Due to the depercolated pore 
structure of  UHPC, the high amount of capillary po res obtained with 
ESEM is not confirmed by MIP. Furthermore a large fraction of small  
pores (< 10 nm) is present in UHPC according to the sorption isotherms 
as well as a fraction of large air voids (> 10 µm) according to the results 
of the CT-scans and air  void analysis. It is clear that there does not 
exists one pore characterization technique that is able to measure the 
whole pore size range. If  the purpose is to model the pore structure  
formed during hydration (gel and capillary pores), an interesting 
mathematical alternative that deserves more attention is the fractal  
nature of the pore structure as suggested by several researchers (Lange,  
D.A. , 1994), (Diamond, S.,  1999), (Herold, G. ,  2004) and measured by 
MIP and discussed in §4.4.4. Besides mercury intrusion porosimetry 
(volume-based), which has the drawback of assuming cylindrical pores,  
the fractal dimensions can be calculated based on (E)SEM images (area-
based). Aside from the fact that the pore structure  is  characterized 
based on two dimensional information a binary image has to be 
obtained. Consequently,  information can be lost during this 
transformation and the subsequent steps. A possible way to derive a  
pore size distribution from a material with one fractal dimension 
determined by MIP is given in (Atzeni, C. ,  2010) for cement paste and in 
(Pia, G.,  2014) for porous rock.  
4.10.2. Comparison between techniques altering the pore structure 
With the same data set it  is possible to check the overall influence  of  
vacuum mixing and a heat treatment on the pore structure of UHPC. 
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Similar as in §4.10.1 it was chosen to combine the data from ESEM, CT-
scans and water vapor sorption isotherms . The results are summarized 
in Figure 4- 81. For the heat treated specimens made under atmospheric 
pressure the same pore size distribution obtained with ESEM and CT as 
for the non heat treated specimens under atmospheric pressure are 
used. This is acceptable as the most important effect of a heat treatment 
is the increase of the packing density of the CSH building units, which 
mainly will have an impact on the distribution of the gel pores.  
Furthermore, the gel pore size distribution of the non heat treated 
specimens made under atmospheric pressure and almost vacuum 
pressure were the same. This was acceptable as the curves obtained by 
ESEM showed no influence  of vacuum mixing on the  capillary 
pores,Figure 4- 69. Therefore it is accepted that the gel pore 
distribution neither change s by applying an air content reduction.  
 
Figure 4- 81: Overall influence of vacuum mixing and a heat treatment on MIX1. 
The discussion on the effect of va cuum mixing and a  heat treatment  will 
be explained based on the results of MIX1, as the conclusions are  most 
likely also valid for other UHPC mixtures. From Figure 4- 81 it can be 
seen that an air content reduction  has the largest impact on the amount 
of entrapped air. Due to the increased packing density by the removal of  
air bubbles more hydration products can be formed, which reduces the 
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on the micrographs obtained with ESEM . In contrary, a  heat treatment 
changes the packing density of the CSH building units and give s rise to a 
smaller critical gel pore diameter . Because of the lack of data, no total  
curve with air  entrainment is determined. Nev ertheless, the effect of  
this technique will mainly be focused on the range between 10 µm and 1 
mm. 
The next chapter will investigate what effect vacuum mixing and/or 
heat curing have on the mechanical properties of UHPC. The question 
will be which techniq ue will have the largest impact. A  small change in 
the packing of the CSH building u nits by a heat treatment or a reduction 
of the largest flaws in the mortar by an air content reduction.  
4.11. Conclusions 
This chapter discussed several pore characterization tec hniques used to 
quantify the inf luence of an air content reduction, air entrainment or a 
heat curing. The measuring principles, the resolution and possible 
advantages and disadvantages were discussed. From the results and 
discussions some important conclusions can be drawn:  
  An air content reduction and air entrainment are techniques 
that mainly influence the air voids in (U)HPC mixtures. A heat 
treatment activates the si lica fume particles  and increases the 
packing density of  the CSH building units and the reby alters the 
gel pore distribution . This was proven with the aid of air void 
analysis, f luorescence microscopy, microfocus X -ray CT, 
environmental scanning electron microscope, nitrogen and 
water vapor isotherms.  
  An air content reduction decreases the w hole range of air  
bubbles, a lthough it is more pronounced for larger voids . In case 
of air entrainment , voids with a diameter around 80 µm are 
dominant in the mixture  from a dosage larger than 0.66% AEA -
wt. cement . The effect of  a heat curing can only be v isualized 
with MIP by applying pressures higher than 200 MPa  or with 
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sorption isotherms.  The latter registered a shift of  the critical  
diameter from 6 nm to 4.5 nm by a heat treatment on MIX1.  
  Despite the drawbacks of mercury intrusion porosimetry,  
several techniques have to be combined to provide a second 
interpretation of the whole pore size range. The two 
interpretations of the pore structure show an underestimation 
of the amount of air bubbles by MIP. This curve is shifted to 
smaller pores as many air bubbles and capillary pores are 
connected with small gel pores to the surface in UHPC mixture s.  
A second interpretation could be facilitated by combining data 
from other advanced technology as focused ion beam 
tomography and/or  multi -scale  imaging with a mi crofocus or 
synchrotron X-ray tomograph. 
  It  was proven that the spacing factor obtained from an air void 
analysis is a conservative measurement of the air void spacing 
for mixtures with a higher air content. In contrary,  the spacing 
factor is smaller than the 95 t h  percenti le of the paste -void 
distribution in case of mixtures characterized by a lower air  
content. Besides this, it is  unknown which exact percenti le of  
the histogram is represented by the spacing factor.  
Consequently, the 95 t h  percenti le of the paste-void distribution 
is considered as a more reliable approach to characterize the air  
void spacing.  
  A perfect pore characterization technique does not exists.  
Techniques as mercury intrusion porosimetry, nitrogen and 
water vapor isotherms provide less accurate information on the 
pore size distribution due to pore blocking or a delayed 
meniscus formation and their assumptions concerning the pore 
shape.  The pore size distributions derived from image analysis 
as ESEM strongly depend on the preparation of t he sample and 
the thresholding of the images . In contrary, no preparation is 
necessary for microfocus X-ray CT scans which provide three 
dimensional information.  However the issue of thresholding,  
noise clearance and other manipulations stay and should be 
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minimized as much as possible.  Furthermore, small samples 
have to be used to obtain a satisfying resolution . The balance 
between the resolution of  the scan and how representative the 
sample size is for the characterization of the structure has to be 
checked.  
  When the purpose of characterizing the pore structure of  
cementitious materials subjected to mixing and curing different 
techniques is to model,  the possibilities of  mathematical  
concepts as the multifractal property of the pore structure 
should be explored more in detail .  On the other hand, i f  
modeling of the pore structure is not the end goal but rather the 
correlation between a mechanical or durability property and the 
pore structure. It  is not always necessary to investigate the 
whole pore structure.  In this case a measuring technique should 
be selected that is able to investigate the pore sizes of interest,  
Table 4- 1. 
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CHAPTER 5. INFLUENCE OF 
AIR ON THE MECHANICAL 
PROPERTIES OF (U)HPC 
 
This chapter summarizes the i nf luence of vacuum mixing, air  
entrainment and a heat curing on the mechanical properties of (U)HPC. 
It is the author his opinion that each test described in CHAPTER 4 can 
be used to explain a specif ic property of the material . It is logic al to use 
the fresh air content for effects dealing with workability and rheology. 
The hardened air content is useful in discussions concerning mechanical  
properties and durability .  However a more profound distinction for the 
hardened air content can be made. One should determine this parameter 
in such a way that it is representative for the examined concrete 
property. Air void analysis is useful when the property is determined 
mainly by one surface. Therefore, this technique can  give a  
representative air  content for the splitting and bending tensile strength.  
For these tests an analysis should be p erformed on the fai lure surface  
(Birchall ,  J .D. ,  1981), (Alford, N.McN., 1981) , (Knab, L.I ,  1983) . A 
microfocus X-ray CT gives the amo unt of air  bubbles of an entire 
volume. It is thus a good tool to determine a hardened air content 
representative for the compressive strength and the Young’s modulus.  
Unfortunately,  CT-scans are rather expensive compared with an air void 
analysis and the specimens need to be very small in order to get a good 
resolution. Therefore, a large amount of CT-scans should be performed 
to have a representative air content for the compressive strength 
determined on a cube with size 100 mm. Th is is the reason why the  
author did not use the technique to explain the increase in compressive 
strength and Young’s modulus. Instead the evolution of the solid 
concentration is used (Wong, H.C.C. ,  2008). When researchers are 
investigating the permeability of cementitious materi als, they are 
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interested in the connectivity of the pore structure and the amount of  
capillary pores present in the material. In this case the results of MIP 
and ESEM images can give clear insights in the property.  More in - depth 
information can be obtaine d by FIB-tomography or multi-scale imaging 
with microfocus & synchrotron X-ray tomography. In case creep or 
shrinkage is investigated, sorption isotherms have proven to be a useful 
tool (Jennings, H.M., 2008b).  
5.1. Vacuum mixing and its impact on the mechanical 
properties of UHPC 
In CHAPTER 4 the effect of vacuum mixing on the pore structure of  
UHPC was investigated. In this section the effect of an altered pore 
structure on the mechanical properties will be highligh ted. The 
influence of vacuum mixing on the compressive strength, the splitting 
and bending tensile strength and the Young’s modulus is investigated.  
An overview of the data is given in Table 5-  1. The influence on the 
compressive strength was determined for MIX1 -2-4-5 and the premix.  
The influence on the splitting and bending tensile  strength was only 
determined for MIX1-2-5 and the premix.  The impact on the Young’s 
modulus was examined for MIX1, MIX2 and the premix . For each mixture 
and mixing pressure (NV or V) the amount of  specimens tested, the 
standard deviation and the percentage strength increase relative to the 
non-vacuum specimens is summarized.  
The compressive strength is determined on cubes with sides 100 mm 
according to NBN EN 12390 -3. The top layers of these cubes are not cut 
off  to remove possible weak zones. The specimens are stored in a  
climate room for 48h at a relative humidity of 95% ±5% and a 
temperature of 20°C±2°C before they are demolded. Until t he age of  
testing they are put back in the same climate room. The compressive 
strength tests are performed on a press of type MFL BP 600V. The 
bending tensile strength is done according to NBN -EN 196-1 (2005), the 
prisms are stored for 2 days in the climat e room before demolding.  
Thereafter, they are kept under water until the age of testing. After 28 
days they are tested in a three point bending machine of walter+bai at a 
speed of 50±10N/s.  
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Table 5- 1: Effect of vacuum mixing on the hardened properties of UHPC. 
  MIX1 MIX2 MIX4 MIX5 Premix 
MPa NV V NV V NV V NV V NV V 

































































































































































































































































































































































































Δ N V  = percentage strength increase relative t o non-vacuum; 
The splitting tensile strength is determined following NBN EN 12390-6 
on cylinders with a diameter and a height of 50 mm. The same curing 
and testing age is  used as for the prisms. The Young’s modulus is  
investigated conform NBN B 15 -203 (1990) on cylinders with a diameter 
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of 100 mm and a height of 200 mm. The same curing and press is used as 
for the cubes. At 21 days the cylinders are grinded to obtain two smooth 
surfaces. The tests are scheduled at an age of 28 days. In case a 
different curing method was used, this will be mentioned, otherwise the 
curing as described above is applied.  
5.1.1. Influence of vacuum mixing on the compressive strength 
The effect of an air content reduction (1013 mbar   50 mbar)  on the 
compressive strength of UHPC at 28 da ys, can be found in Figure 5- 1. 
 
Figure 5- 1: Effect of vacuum mixing on the compressive strength of different UHPC 
mixtures. 
All  five mixtures show an increase of the compressive stre ngth when a 
lowered pressure is  applied in the mixing pan. An average strength gain 
is obtained between 7% and 22% . The mixture with a low air  content 
reduction, MIX2, had a lower strength increase  by vacuum mixing, Table 
4- 6. MIX4, with the largest fresh air content reduction, profits the most 
of the vacuum technology. Furthermore,  the standard deviation of the 
strength tests does not decrease by lowering the amounts of air voids.  
Other parameters than the variati on in air content affect the deviat ion 
of the compressive strength such as the roughness of the planes where 
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It  is remarkable that the premix has a greater strength increase than 
MIX1, although the air content reduction  is smaller for the premix,  
Table 4- 6. Possibly the obtained strength level plays an important role 
in the effect of vacuum mixing , see also Figure 2- 8 . The premix attains a 
mean strength of 187 MPa under atmospheric conditions due to 
presence of the bauxite  (Aydin, S .,  2010) . At this level air bubbles will  
be more critical as for the other mixtures, even if  the initial air content 
is slightly lower. This can be proven by the law of Feret  (Feret,  R. ,  
1892), given by equation (2.1).  
In case of MIX1-2-5, the mix proportioning of Table 3- 6 together with 
the information of Table 4- 6 enables to calculate K 1 .  In case of the 
premix the authors assumed a W/C ratio of 0.12. This is necessary due 
to the unknown cement content of the mixture. Besides this, the absence 
of secondary cementitious materials such as si lica fume is assumed. 
Together with the fact that 70 kg/m³ water was added and the 
information in Table 4- 6,  the reader can also determine the K 1  value of  
this mixture.   
In conclusion, Table 5- 2 confirms the importance of the strength level 
of the specimens made under atmospheric pressure. The law of Feret 
predicts an increase (Δ F e r e t) of 19 MPa for MIX1 and 28 MPa for the 
premix. The latter clearly benefits more from th e vacuum technology,  
which confirms the discussion of § 2.2. The air  content reduction 
explains the increase in the compressive strength for all  mixtures 
except for MIX5. For this mixture only one air void analys is is  
preformed, Table 4- 6 . This could give rise to the higher discrepancy 
between f e x p ,  5 0  m b a r  and fF e r e t ,  5 0  m b a r .  Another explanation may be found 
in the type of si lica fume. Different as for the other mixture s,  a silica  
fume in slurry form is used.  Therefore, deviations can be expected 
between two batches depending on how well the slurry is  dispersed 
during storage. As no continuous dispersion was applied during storage 
more silica fume particles will  be found  at the bottom part of  the 
container. Consequently it  is possible that the first batch at 1013 mbar 
contained less silica fume particles. This could lead to a lower 
compressive strength than the second batch at 50 mbar for which a 
better dispersion in the container was established. In this case not only 
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the air content inf luences the compressive strength but also the amount 
of silica fume particles.  
Table 5- 2: Prediction of the strength increase by an air content reduction with the law 
of Feret. 
 AN V  AV  fe x p , N V  fe x p , V  K1  
fF e r e t ,  
N V  
fF e r e t ,  
V  
ΔF e r e t  
 [%] [MPa] 
MIX1 4.9 1.6 144 162 401 144 163 19 
MIX2 2.5 1.3 141 151 359 141 149 8 
MIX5 3.1 1.0 132 152 329 132 141 9 
MIX6 3.8 1.8 187 215 461 187 215 28 
fe x p  = experimental compressive strength at  28 days ; fF e r e t  = theoretical 
compressive stre ngth at  28 days;  Δ F e r e t  =  strength increase according to the law 
of Feret ; 
In Figure 5-  2 the strength evolution of  MIX1 and MIX2 is given. The 
compressive strength was determined at 7,  28 and 91 days. It is clear 
that the effect of an air content reduction is felt over a longer period 
than 28 days. Furthermore,  it  is important to notice that the 
compressive strength keeps increasing up to 91 days. According to 
(Graybeal, B. ,  2011), (Toutlemonde, F. ,  2011) an UHPC m ixture should 
have at least a compressive strength of  150 MPa . However, no 
specifications are given in which time frame this strength has to be 
reached. Based on the lifetime of a  normal construction and the results 
of Figure 5-  2 it seems conservative to keep referring to the 
compressive strength at 28 days.  Similarly as in Table 5- 2 the impact of  
an air content reduction increases as the strength level increases,  
especial ly for MIX1.  
The effect of vacuum mixing on the compressive strength is clearly 
connected with the strength level and the obtained air content 
reduction,  Table 4- 6 . In turn, the latter is closely related with the 
workability of the mixture. The worse the workability is , the more air  
gets entrapped during mixing and the more difficult i t is for the air  
bubbles to escape from the mass afterwards, (Wille,  K. ,  2011). To check 
how the workability changes the impact of  v acuum mixing on the 
compressive strength MIX7 from Table 3- 6 was mixed at different 
water-to-powder ratio (W/P).  
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Figure 5- 2: Evolution of the compressive strength in time for MIX1 and MIX2 determined 
on cubes with size 100 mm. 
The results in Figure 5- 3 show a reduction of the workability for both 
mixtures made under atmospheric pressure (1013 mbar) as under 
almost vacuum conditions (50 mbar) when the water-to-powder ratio is  
decreased. At the lowest W/P -factor a slightly better slump flow is 
reported for the non -vacuum mixture, the reason for this will be 
discussed in §6.3.3. As a consequence of the  lower slump flow, more air 
gets entrapped in the mixtures made at 1013 mbar. For a water -to-
powder ratio of  0.134 a fresh air content of  3.7% is registered with the 
pressure air meter, § 4.5.1. In case the same mixtures are made at 50 
mbar, a rather constant air content is measured. Only for a very low 
slump f low, the amount of  entrapped air after vacuum mixing increases 
up to a value of 1.4%. Furthermore,  the evolution of the fresh air  
content of vacuum mixed sa mples progresses more stable when the W/P 
ratio is decreased compared to  mixtures made under atmospheric 
pressure.  This is clearly seen in the fluctuations present in the non 
vacuum curve. Finally , the increase of compressive strength by the air 
content reduction increases slightly with decreasing water -to-powder 
ratio and makes a significant increase at the lowest W/P -factor ,  
something Figure 2-  8 also predicted . This discussion proves the close 
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Figure 5- 3: visualization how a change in workability, influences the amount of 
entrapped air and the increase in compressive strength after vacuum mixing. (water-to-
powder ratio by volume) 
Next, extra cubes were prepared for MIX1 and MIX2 to compare the 
effect of an air conte nt reduction with a heat curing . Figure 5- 4 
indicates the inability of vacuum mixing to fully replace the effe ct of a 
heat treatment on the compressive strength. The densification of the 
LD-CSH globules and the filling of the larger gel  pores by nano -CH 
crystals (level I) (refinement of the gel pores, Figure 4- 76) results in a  
higher strength increase compared with a reduction of the air bubbles 
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time other parameters are also considered in the selection of the 
procedure and the curing.  For example the  higher the strength level , the 
higher the standard deviation, also the cost of  both techniques must be 
weighed against each other.  The important strength increase after 
vacuum mixing on heat treated specimen s is probably due to the higher 
strength level of these specimens compared with non heat treated  
cubes.  In conclusion,  an air content reduction cannot fully replace the 
effect of a heat treatment on the compressive strength but the 
combination of both techniques can lead to a significant ly larger 
increase in strength than when applied seperately.  
 
Figure 5- 4: Comparison between the effect of an air content reduction and a heat curing 
on the compressive strength of MIX1 and MIX2 at 28 days. 
Furthermore, a comparison of the s trength values of MIX1-NV in Table 
5- 2 and Figure 5- 4 show the critical system of UHPC. The lower 
compressive strength of  the cubes in Figure 5- 4 can be caused by a  
sulphate balance that is far from equilibrium or an improper curing and 
storage of the cubes leading to more drying and autogeneous shrinkage.  
To conclude this section  it  is  interesting to put the results of  the 
compressive strength at 28 days of MIX1-2-4-5 from (69 cubes) in 
function of  their solid concentration Ø. This is calculated with equation 
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Where Msp  is the mass of  the specimen, measured before the mechanical  
test at 28 days, V s p  is the volume of the specimen, ρ w  is the density of  
the water,  ρ a ,  ρ f ,  ρ c m  are the respective solid densities of the aggregates,  
the fi l lers and the cementitious materials, u w  is  the water to solid 
volume ratio of the mixture and R a ,  R f ,  R c m  are the respective volumetric 
ratios of the aggregates, the fillers and the ceme ntitious materials to the 
solid particle content. By reducing the air voids inside the mortar  
specimen, the solid concentration is increased and more material  is  
available to withstand the compressive force. This can be seen in Figure 
5- 5 by comparing the colored points with the empty points of an UHPC 
mixture. The results of MIX2 slightly deviate from the general trend. 
This can be seen by comparing the coefficient of determination of the 
linear fit with and without the points of MIX2. Obviously, other 
parameters than the solid concentration alone influence the difference 
in compressive strength of cubes made with a different composition.  
Hydration of the binders and the quality of the transition zone also play 
a major role . This is the reason why only not heat treated cubes are 
included in Figure 5- 5.  
 
Figure 5- 5: Compressive strength of MIX1-2-4-5 in function of the solid concentration 


























R²total = 0.38 
R²without MIX 2 = 0.61 
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In Table 5-  3 the solid concentration of  heat treated cubes mixed at 50 
mbar of MIX1 and MIX2 are calculated . The mixtures are prepared with 
the same materials as the cubes in Figure 5- 4. Both specimens mixed 
under vacuum with normal curing and mixed under vacuum with heat 
curing have a similar solid concentration. Nevertheless,  their  
compressive strength is  significantly different, Figure 5-  4.  It is clear 
that the solid concentration is not able to explain the increase in 
strength by a heat treatment but only by the air content reduction. This 
is a fairly obvious observation, because the former technique 
accelerates the hydration of the si lica  fume. Thus in order to explain a  
strength increase properly, the packing density or solid concentration 
of the mixture, the reactivity of the binders, the strength class of  th e 
aggregate(s) and the ITZ should be taken into account. Such correlations 
are worked out in detail by (De Larrard, F.,  1999) .  
Table 5- 3: Effect of mixing pressure and curing regime on the solid concentration of 
UHPC. 
Ø [-] MIX1 MIX2 MIX4 MIX5 
Non vacuum 0.798 0.815 0.793 0.796 
Vacuum 0.824 0.838 0.824 0.812 
Vacuum + heat treatment  0.821 0.836 / / 
5.1.2. How high in compressive strength can we go? 
It  is interesting to check the possibilities of UHPC with the equipment 
available at the author ’s research faci lity. To reach the highes t 
compressive strength fibers were used and a special heat curing 
sequence was applied. The adapted mix design of MIX1 and MIX2 by 
incorporating fibers can be found in appendix D. A cocktail of fibers was 
used (50 vol .% OL6/.16 and 50 vol.% RL45/30BN). According to (Rossi ,  
P.,  1997) such a cocktail will work on both the material level and the 
structural level. The short fibers (OL6/.16) will improve the strength as 
they stitch the microcracks in the early lo ading phase and limit their  
propagation. Consequently, the formation of macrocracks will be 
delayed. The longer fibers (RL45/30BN) can improve the load bearin g 
capacity of UHPC and even give rise  to a hardening post-cracking 
behavior. This work will  however only focus on the material  level.  
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Furthermore, (Markovic, I . ,  2006) pointed out the importance of the 
packing density when fibers are added to an optimized (U)HPC mixture.  
According to him very small  grains can pack very efficiently around long 
thick fibers and also the packing of very large grains will not be much 
disturbed by the presence of very short thin fibers between them.  
A similar mixing procedure was used as in § 2.1.3 . After the normal 
mixing phase, the vacuum was released if  necessary and the fibers were 
added manually to the mixture. This was followed by an intensive 
mixing phase whether or not under vacuum for 2 minutes.  From Figure 
5- 6 it can be seen that  the effect of vacuum mixing is also registered 
when fibers are used. Furthermore, due to the stitching effect of the 
small  fibers an increase in compressive strength is obtained. The 
increase was larger for MIX2, presumably because the packing density 
of this mortar was less disturbed by the presence of the fibers. 
However, this should be tested more in detail.  Finally , the presence of 
the fibers will have an impact on the workability of the mixtures. In case 
a worse packing is obtained, more voids will ha ve to be filled with water 
and less excess water is  available for the workability. (Markovic, I . ,  
2006) showed, that the slump flow had a rather stable trend up to an 
appropriate volume quantity of fibers. Beyond this quantity , a sudden 
decrease was registered. (Martinie , L. ,  2010) found a similar conclusion,  
for higher volumes than the critical fiber content a  strong increase of  
the yield stress was obtained.  
 
Figure 5- 6: Influence of fibers (OL 6/.16 and RL45/30BN) on the compressive strength 
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Besides the addition of fibers, an adapted heat curing can also improve 
the compressive strength of UHPC. By increasing the temperature up to 
250°C not only the puzzolanic ac tivity of the si lica fume is increased but 
also the fine quartz fi ller starts to react (Zanni , H. ,  1996). The higher 
strength is than explained by the formation of longer CSH chains.  
Furthermore a microstructural change occurs around this temperature 
attributed to the transformation from tobermorite (C 5S6 H5) to xonotlite  
(C5S6H)  which is accompanied with a formation of water (Cheyrezy, M.,  
1995). The result of such an elevated temperature can be found in 
Figure 5- 7 . For those samples a heat curing with steam at 90°C was 
performed similarly as in § 4.2.1 followed by a heat curing with air at  
250°C for 48h. In Figure 5- 7 H(250°) stands for the combination of a  
steam and air curing, H stand s for a normal steam curing, C indicates a 
cocktail  of 50 vol .% short (OL6/.16) and 50 vol.% long (RL45/30BN) 
fibers, S means a single type of fiber was used , OL6/.16 is indicated by 
(6) and OL13/.16 by (13). Furthermore, the volume percentage of the 
fibers was changed without adapting the workability.  Different as for 
the normal mix design of MIX1 -fiber an undensified silica fume was used 
(USF).  
From Figure 5- 7 it is clear that increasing the f iber content from 3 
vol.% to 4 vol% and using one fiber type OL13/.16 increases the 
compressive strength. Probably, the stitching effect of the fibers is  
increased by increasing the amount of fibers and the packing den sity is  
changed in a more favorable way by the smaller f ibers  compared to the 
case were a cocktail  of fibers is used .  As an increase of the fiber content 
led to less workable mixtures, the impact of vacuum mixing becomes 
also more pronounced. For the refer ence MIX1 an increase of 18 MPa 
was registered,  Table 5- 1. In case of the MIX1-fiber, appendix D,  an 
increase of 29 MPa was obtained. By increasing the fiber content from 
2.36 vol.% to 3 vol .% an air content reduc tion led to an increase of 45 
MPa. When a steam curing was combined with an air  curing at 250°C the 
highest values were obtained. This was due to an increase in the 
reactivity of sil ica fume and quartz fi ller as well by a continued 
hydration with the water  that came available at the moment xonotlite  
was formed. Due to the high standard deviation at this strength level , no 
positive inf luence of an air content reduction could be demonstrated. 
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However the highest value obtained was under vacuum conditions,  
namely 347 MPa.  
 
Figure 5- 7: Influence of fibers in combination with different heat curing sequences on 
the compressive strength of MIX1 at 28 days. 
Of course, i t is  questionable how robust the mechanical performance of  
such a high strength mixture is . The production of UHPC with an 
extreme high compressive strength will be accompanied with extreme 
measures to monitor the processing closely. At this strength level a 
small unevenness of the loading plane will give rise to a much l ower 
compressive strength. A same effect can be expected with a different 
batch of cement or a change of superplasticizer. In other words, when a  
characteristic strength is  needed for the calculation of construction 
elements such a mortar is not very interesting. However, in a lot of 
specific industries it could be useful such as offshore construction 
(Moeller,  A. ,  2008), machinery construction (Sagmeister, B. ,  2012) or 
foundation engineering (Ibuk, H. , 2012).  
5.1.3. Influence of vacuum mixing on the splitting tensile strength 
An average strength increase of the splitting tensile strength between 
3% (MIX2) and 22% (MIX5) is obtained with vacuum mixing at 28 days,  
Figure 5- 8. For MIX1 and MIX2, some specimens are also subje cted to a  
heat treatment. In case of  MIX1 a  strength increase is obtained from 14 
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reduction, but lower than the results of (Graybeal,  B.,  2011) who 
obtained an increase from 19 MPa to 24  MPa for his reactive powder 
concrete. The larger air bubbles after vacuum mixing in MIX2 probably 
nullify the effect of the air content reduction , Figure 4- 24. 
Furthermore,  no increase in splitting tensile streng th was registered 
after a heat curing.  
 
Figure 5- 8: Splitting tensile strength for MIX1-2-5 and the premix at 28 days under 
different mixing pressures and curing regimes. 
5.1.4. Influence of vacuum mixing on the bending tensile strength 
The influence of a reduced air pressure on the bending tensile strength 
is il lustrated in Figure 5- 9. Especially for MIX1 a clear increase of the 
strength is determined, namely 17%. In case of MIX2 and MIX5 an  
improvement of 11 MPa and 5 MPa was registered . Vacuum mixing did 
not had an influence on the bending strength of the premix.  Maybe the 
air bubbles as well as the paste-aggregate bond are of equal importance 
at the high strength level of the premix and di d fai lure occure along the 
ITZ.  Furthermore,  the obtained values are remarkably higher than some 
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Figure 5- 9: Bending tensile strength of MIX1-2-5 and the premix at 28 days under 
different mixing pressures. 
5.1.5. Differences between splitting and bending tensile strength 
Figure 5- 8 & Figure 5- 9 and Table 5- 1 highlight some differences in 
the increase of the splitting and bending tensile strength after vacuum 
mixing.  For example, the bending tensile strength of MIX1 and MIX2 
increases more by an air  content reduction than  the splitting tensile  
strength. In order to investigate this, the author first check s if  the total  
air content or the maximum void size of the failure surface gives the 
best correlation with the bending tensile strength.  Therefore, one half  
of the prisms is kept after the determination of the bending tensile  
strength of MIX1-2-5 at 28 days and is prepared for an air void analysis,  
see §4.5.1. The maximum void size in the failure surface is determined 
under a stereoscope on the same sampl es. In total  three samples are 
prepared per mixture and per mixing pressure.  In contrast to li terature  
(Birchall ,  J .D. ,  1981), (Alford, N.McN., 1981) the best correlation is 
found between the total  air content in the failure surface and the 
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Figure 5- 10: Bending tensile strength of MIX1-2-5 at 28 days in function of the 
maximum void size in the failure surface. (colored points correspond with vacuum and 
empty points with non - vacuum) 
 
 
Figure 5- 11: Bending tensile strength of MIX1-2-5 at 28 days in function of the total air 
content in the failure surface. (colored points correspond with vacuum and empty points 
with non - vacuum) 
A possible  reason why the maximum void size gives a lower correlation,  
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procedure is not able to decrease the maximum void size unde r 1 mm, 
which is necessary to influence the bending tensile strength in a 
significant way, as mentioned by (Birchall,  J .D.,  1981). Another 
difference with literature is the fact that the capillary pores are not 
taken into account in the total air  content o f Figure 5- 11. Hence,  a  
better correlation is found between the bending tensile strength and the 
total amount of air voids instead of the sum of air voids and capillary 
pores. Furthermore, the coefficient of deter mination in Figure 5- 11 is 
rather low, which indicates that the air content is not the only 
parameter controlling the bending tensile strength.  Factors relating to 
the paste-aggregate bond and the inf luence of unh ydrated cement 
particles also control this property (Knab, L.I,  1983).  
To explain the difference in bending and splitting tensile strength by 
vacuum mixing , the total air content in the failure surface of the 
splitting specimens of  MIX1 and MIX2 is also determined with the air 
void analyzer. Three samples are prepared per mixture and per mixing 
pressure. The individual measuring points are presented horizontally  
for both the splitting and bending specimens in Figure 5- 12.  
 
Figure 5- 12: Total air void content in the failure surface of the splitting and bending 
specimens of MIX1 and MIX2. (colored points corresponds with vacuum and empty points 
with non - vacuum) 
A student test was condu cted to check whether the difference between 
the average air content in the fai lure surface of the bending and 
splitting specimens made under almost vacuum conditions,  is  
0 1 2 3 4 5 6 7 8
Hardened air content [%] 
MIX 1 - bending
MIX 1 - splitting
MIX 2 - bending
MIX 2 - splitting
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significant. For MIX1 there is not a significant difference (t = -1.165, p = 
0.364). In contrast the dif ference for MIX2 is significant (t = -6 .987, p = 
0.02). Despite a lower significance level of MIX1, the principal reason 
for a lower strength increase after vacuum mixing of the splitting 
specimens compared with the bending specimens is due to the higher 
air content value obtained in the cylinders after vacuum mixing 
compared with the prisms. A similar methodology can be handled to 
explain the differences between MIX5 and the premix with respect to 
the tensile tests.  
5.1.6. Influence of an air content reduction on the deformability of UHPC 
Figure 5- 13 gives the result of the Young’s modulus at 28 days as a  
function of  the compressive strength determined on the same cylinders.  
An average increase of 7% is  obtained for MIX1 and MIX2 by the air  
content reduction. Only an increase of 3% is registered for the premix,  
Figure 5- 13. 
 
Figure 5- 13: Young’s modulus of MIX1, MIX2 and the premix for different mixing 
pressures and curing regimes in function of the cylindrical compressive strength. 
(colored = non vacuum; empty = vacuum; tick marker line = vacuum + heat treatment) 
An additional heat treatment on cylinders of  MIX1 and MIX2 mixed 
under almost vacuum conditions, did not improve the Young’s modulus 
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leads to a larger standard deviation of the Young’s modulus. Apparently 
the removal of air bubbles makes the UHPC less elastic . A similarity can 
be drawn with the fresh mortar properties of  UHPC where a  lowered air  
content seems to decrease the workability of UHPC , §6.3.3 . The high 
values of the modulus of the premix are due to the bauxite used in these 
mixtures.  The lines in Figure 5- 13 only serve to connect the points that 
belong to one UHPC mixture and cannot be seen as a mathematical  
trend.  
5.1.7. Impact of the mix volume on the effectiveness of vacuum mixing 
In previous chapters all mixtures were produced in a 5 liter capacity 
mixer, Figure 1- 1. For this mix volume an improvement of the air void 
structure by vacuum mixing is determined by air  void analysis and 
microfocus X-ray CT scans, CHAPTER 4. In CHAPTER 5 it is shown that 
the change in pore structure led to an  increase in mechanical 
performance. The compressive strength, the bending and splitting 
tensile strength and the modulus of elasticity increase by the air  
content reduction. In practice , larger mix volumes are commonly used.  
The question can be raised, if  vacuum mixing has the same effectiveness 
on these volumes. To get some insights MIX3, Table 3- 6, is made in an 
R-type vacuum mixer  from Eirich with a capacity of 5 li ters and 75 
liters, Figure 1- 1 & Figure 1- 2. The vacuum time is varied from 70 s to 
540 s. For the 75 liter mixer the time is even prolonged to 1200 s. In 
case the vacuum time is longer than 270 s the normal mixing phase is 
prolonged until the desired vacuum time  is reached. In case the vacuum 
time was shorter than the mixing time, it  was applied in such a  way that 
the desired vacuum time was reached at the end of the mixing time. For 
each vacuum time a different batch was made and the fresh air content 
was determined. Furthermore,  t hree cubes are cast for an air void 
analysis and three for the compressive strength at 28 days, in case of  
the 75 liter mixer. Due to the limited volume available in the 5 liter 
mixer only one cube is cast for an air void analysis  and two cubes for 
the compressive strength at 28 days. Figure 5- 14 gives the decreasing 
hardened and fresh air content in function of the vacuum time , 
determined according to the principles explained in §4.5.1. For the fresh 
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air content a reference point at atmospheric pressure (1013 mbar) is  
also measured.  
In case of the 5 liter mixer a reduction is established after a vacuum 
time of 70 s, based on the fresh air content. Thi s effect is confirmed in 
literature where a  reduction after 25 s of vacuum mixing is  reported  
(Mazanec, O. ,  2008a). The hardened air content follows the same trend, 
except the values are slightly higher. Possible reasons for this are given 
in §4.5.4. In case of the 75 liter mixer the fresh air content stays 
constant up to 120 s and then starts to decrease until a vacuum time of  
540 s. Extending this time up to 1200 s does not improve the fresh air  
content in a clear way. Independent of the vacuum time the air content 
of MIX3 made in the 75 liter mixer is always higher than the content of  
the same mix made in the 5 liter mixer.  
 
Figure 5- 14: Comparison of the fresh and hardened air content reduction between a 5 
liter capacity mixer and a 75 liter capacity mixer. 
As the pressure drop from 1013 mbar to 5 0 mbar is reached after 30  s in 
both mixers, Figure 2- 3, the difference in air content cannot be due to a  
different speed in which the end pressure is reached  in both mixers .  
Furthermore, no leaks where present in the 75 liter capacity mixer as 
the 50 mbar was maintained after the vacuum pump was shut down.  In 
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is more difficult  to remove air bubbles from the center of  75 liter UHPC 
compared to 5 liter UHPC, especially with the high plastic  viscosity of  
the mortar. To remove the air bubbles from the center of 75 liter UHPC 
a longer vacuum time is necessary, which is confirmed by Figure 5- 14.  
Another solution  could be to change the pin-agitator by an agitator that 
causes a more turbulent dispersion of the UHPC.  
At this stage it seems t he vacuum technology is less effective for large 
concrete volumes. Further research is necessary to validate the effect 
for mixers with a  capacity larger than 75 liters and for mixtures with a  
different workability .  
 
Figure 5- 15: Compressive strength at 28 days in function of the vacuum time for a 5 liter 
capacity mixer and a 75 liter capacity mixer. (0 s represents a non vacuum batch) 
The impact of a longer vacuum time in the 75 liter mixer is clearly 
observed for the compressive strength,  Figure 5- 15. A maximum value 
of 128 MPa is only reached after 540 s vacuum mixing.  Under this 
condition an average strength gain of 10% is obtained. This is different 
for the 5 liter mixer where an i mmediate increase is noticed.  
Furthermore, a second jump is observed after 540 s of vacuum mixing,  
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Figure 5- 16: Air void distribution of MIX3 with increasing vacuum and mixing time in 
the 75 liter capacity mixer. 
 
 
Figure 5- 17: Air void distribution of MIX3 with increasing vacuum and mixing time in 
the 5 liter capacity mixer. 
A possible reason can be found in the air void distributions of Figure 5-  
16 and Figure 5-  17. Apparently,  the prolonged mixing time give rise to 






















Chord size [mm] 





















Chord size [mm] 
540s 255s 180s 120s 70s
210 Chapter 5:Influence of air  on the mechanical properties of (U)HPC  
most pronounced for a mixing time of 540 s. As this time is the same as 
the optimal vacuum time for the 75 liter capactity mixer, no second 
jump in the compressive strength is found. In contrary this time does 
not correspond with the optimal vacuum time for the 5 liter capacity 
mixer. Consequently, a second jump is registered. However, this should 
be confirmed by more tests as the compressive strength for the 5 liter 
capacity mixer is only the average of two cubes and the program was 
only applied on one mixture.  In conclusion, the mixing time should be 
doubled compared with Table 2- 2, if  an improved mechanical  
performance by vacuum mixing is  wanted in a  large concrete mixer (75 
liters).  
5.2. Air entrainment and the consequences for the 
mechanical properties of HPC 
By increasing the amount of air bubbles in the HPC mixture of § 4.2.2 a  
better resistance against freeze -thaw cycles can be obtained .  However,  
the presence of air in mortar will lower its mechanical performance in 
an important way. In order to quantify this,  prisms with a cross section 
of 40 x 40 mm and a length of 160 mm were prepared and tested on 
their bending tensile strength and c ompressive strength in a similar 
way as NBN-EN 196-1 (2005). Figure 5- 18 and Figure 5- 19 show a 
linear decrease of the compressive strength and bending tensile  
strength as the amount of  air entrainment is increased from 0 .00%-wt.  
to 2.50%-wt. cement. The hardened air content determined by the 
microfocus X-ray CT is used, as the air void analyzer was not able to 
capture the large amount of fine air bubbles in case of higher  
percentages of AEA, § 4.5.4 .  
Similar as in §5.1.5 the total air content gives a good correlation with 
the bending tensile strength. In conclusion, a proper balance s hould be 
chosen by the engineer between the increase in freeze -thaw resistance 
and the decrease in mechanical performance. Furthermore an increase 
in the permeability can be suspect as the threshold diameter keeps 
increasing with a higher amount of air ent raining agent especially from 
a dosage of 0.66%-wt. cement, §4.4 .5. & appendix B.  
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Figure 5- 18: Influence of air entrainment on the compressive strength of the HPC 
mixture at 28 days, determined on cubes with side 40 mm. 
 
 
Figure 5- 19: Influence of air entrainment on the bending tensile strength of the HPC 
mixture at 28 days, determined on a cross section of 40 x 40 mm and a span of 100 mm. 
5.3. Important to remember from this chapter 
In this chapter,  the effect of an air content reduction on the mechanical  
performance of UHPC is examined and compared with that of a heat 
treatment. By connecting an R-type Eirich mixer with inclined mixing 
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pan to a vacuum pump UHPC mixtures are made at 50 mbar. Five 
different mix designs are  tested. The influence on the compressive 
strength, bending and splitting tensile strength  is tested.  The impact on 
the deformability is demonstrated by measurements of the modulus of  
elasticity.  Furthermore, the influence of the workability  was highlighted 
and it was checked what the highest attainable compressive strength 
was. Besides this, the possibility to use this new technology in large 
volume concrete mixers is  also examined. At the end, the impact of air  
entrainment on the compressive strength and the bending tensile  
strength of a HPC mixture is investigated . From the results, the 
following conclusions can be made:  
  Decreasing the air content improves the mechanical performance of  
ultra-high performance mortar. For the compressive strength an 
average gain is obtained between 7% and 22%. In case of the 
bending tensile strength a maximum increase of  17% is determined. 
As for the splitting tensile  strength the increase is situated between 
3% and 22%. 
  By increasing the amount of air bubbles due to a proper AEA, the 
compressive strength (89 MPa   45 MPa) and the bending tensile  
strength (11 MPa   7 MPa) decrease significantly .  
  In this project,  a reasonable correlation between the compressive 
strength and the solid concentration of the UHPC mixtures is found. 
As for the bending tensile strength the best correlation is found 
with the total air content in the failure surface. This was true for 
both UHPC mixtures as for the HPC mixture. Furthermore the 
influence of  the paste-aggregate bond is also acknowledged to 
influence the data.  
  The effectiveness of vacuum mixing depends on the workability and 
thus the initial air content at atmospheric pressure. A low slump 
flow leads to a higher amount of entr apped air  and a higher 
potential for vacuum mixing. Furthermore, the strength level also 
plays a major role in the impact of an air content reduction  on the 
compressive strength of UHPC . This was confirmed by the law of 
Feret.  
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  A reduced air content leads to a stiffer ultra-high performance 
mortar.  It is determined that the modulus of elasticity increases 
with maximum 8%.  
  Especially for the compressive strength the vacuum technology 
cannot fully  replace a heat treatment.  In case of the splitting tensile  
strength and the Young’s modulus the difference in increase 
between both techniques becomes smaller.  By combining vacuum 
mixing,  the use of small f ibers, a combination of a steam curing at 
90°C for 48h and an air curing at 250°C for 48h a maximal 
compressive strength of 347 MPa was registered.  
  At this stage, the vacuum technology is not as effective in large 
volume concrete mixers as it is for small volume mixers. Further 
research is necessary to improve the technology so that it can be 
applied in practice. Ne vertheless,  a longer mixing time will be 
necessary for larger concrete volumes. Consequently, a 
consideration has to be made between the gain in strength and the 
additional mixing time. Depending on the outcome vacuum mixing 
can be taken in consideration.  
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This chapter deals with the influence of air bubbles on the workability 
and rheology of cementitious materials. In § 2.2 a preliminary study was 
performed on the potential of vacuum mixing. For this , the increase in 
compressive strength due to the obtained air cont ent reduction served 
as criterion . It was concluded that the technique had a beneficial  effect 
for ultra-high performance mortar . Consequently,  the focus in the 
previous chapters was put on this type of cementitious material.  
However during testing of fresh mortar properties  the air bubbles in  
self-compacting mortar  (SCM) did not had the time to rise to the surface 
under the gravity force and no compaction was yet applied to the 
traditional vibrated mortar (TVM). Consequently, the impact of vacuum 
mixing can be felt for all three  types. Therefore, this chapter will study 
the effect of vacuum mixing on the fresh properties of  UHPC, SCM and 
TVM. Furthermore, air entrainment is used to broaden the range of air 
contents. As already mentioned in § 4.1 the investigation of  pores is  not 
an easy task, as the pore distribution has the widest rang e of all  
constituents in concrete .  It starts at the nano -level and goes up to 
several millimeters .  Thereby they influence various hardened 
properties as discussed in CHAPTER 5.  Furthermore a change  in air  
content has an impact on the fresh properties such as viscosity, yield 
value , slump flow and V-funnel time (Zain, M.F.M., 1999), (Wallevik,  
O.H. , 2011). However,  due to  the complex character of the larger air  
bubbles, with regard to the rising, dissolution and c oalescence in a 
visco-elastic medium it is difficult to predict their impact on  fresh 
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cementitious materials. It would require a full knowledge on how these 
bubbles are formed during mixing and how they stabilize . An attempt is  
done by (Mielenz, R.C. ,  1959), however this work only focusses on air  
bubbles in a  dilute slurry of Portland cement. In practice the air  bubbles 
will be present in a mixture with a much higher packing density and 
also come in contact with aggregates causing impact and shear. Besides 
the mix composition,  the amount and distribution of the air bubbles is  
also inf luenced by the type of mixer, the mixing energy, the temperature 
and transportation time  (Du, L. ,  2005). Thus predicting the amount and 
distribution of air ,  based on some fundamental parameters is a very 
difficult task.  Therefore,  the effect of air on the properties of 
cementitious materials is  investigated on laboratory mixtures with a  
varied air content. A useful tool to explain the influence on the 
properties of fresh mortar, is the capillary number. It is already used to 
investigate the impact of air bubbles on magma  (Manga, M., 2001) , paste  
(Struble, J .L. ,  2004) , mortar (Hot, J . ,  2013) , concrete (Feys, D. ,  2009)  
and foam (Ducloué,  L.,  2013) . The dimensionless number gives the  ratio 
of shear stresses to the surface tension between the air and its 
surrounding paste.  When the applied stress is able to overcome the 
surface tension, the bubbles will deform and contribute to a higher 
fluidity . Conversely, the bubbles will act as obs tacles changing the 
fluidity of the mixture in a less favorable way (Hot,  J . ,  2013) . However 
this number only captures the physical consequences of air and is not 
able to explain some chemical effects such as bubble bridges caused by 
air entraining agent  (Struble,  J .L.,  2001) . Another difficult task is the 
estimation of a representative air void diameter. There are almost no 
accurate methods to determine the air void distribution of fresh mortar .  
Consequently, a significant air  void diameter is determined o n the 
hardened concrete . Of  course this means that phenomena as 
coalescence, dissolution and rising of bubbles to the atmosphere already 
happened. Thus, the real  air void distribution acting in the fresh mortar  
is not captured.  
Of course the question can b e raised what the benefit is  of a study 
concerning the influence of air bubbles on the workability and the 
rheology of cementitious materials. Besides the difficulty in 
understanding the underlying principles it is not an easy task to control 
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the air inlet during the production of mortar or concrete . However, the 
study is very relevant.  During the last decades more and more 
secondary cementitious materials and waste materials are used in the 
production of  concrete . As these materials often have a high speci fic  
surface, the water and superplasticizer demand increases.  
Consequently, this results in more viscous mixtures. As the mechanical  
performance of these mixtures should be retained,  an increase of the 
water content is undesirable.  Using a powerful superpl asticizer can 
help, but its possibilities are not infinite . Therefore, it is useful to 
investigate how polymers as air entraining agents and superplasticizers 
change the viscosity of the pore solution as well as the influence of air 
bubbles on this rheological parameter. This chapter will  show that air 
bubbles change the rheology of paste and mortar in different ways 
depending on the f luidity of the mixture. Th is knowledge can provide 
new ways to control the plastic viscosity and make less viscous mixtures 
by removing air bubbles with a vacuum mixer or increasing the amount 
of air bubbles with air entrainment.  
6.1. Selection of mix designs and test procedures 
6.1.1. Mix design 
The influence of air bubbles on the workability and rheology was tested 
on three UHPC mixture s,  MIX1, MIX2 & MIX3, Table 3- 6. The high 
performance mortar, Table 4- 3,  was selected as a self -compacting 
mortar.  These mixtures were completed with a traditional vibrated 
mortar (TVM) and paste (TVP) as well as with a self-compacting paste  
(SCP), Table 6- 1. For the mortars the same mixing procedure was 
applied as summarized in Table 2- 2 in a 5 liter capacity mixer. The 
pastes were mixed with a hand mixer of the type Braun PowerBlend, 
this caused enough agitation to disperse the AEA properly. The water 
was first added in the blender, followed by the cement and the 
limestone fi ller . Next, a slow mixing phase of 25 s was followed by an 
intensive phase of 25 s.  Between the two phases, the sides of the 
blender were scraped off .  The air entraining agent was added in a 
similar way as in §4.2.2 . The chemical composition of the cement and 
the l imestone fi ller can be found in (Dils, J . ,  2012b), the density and 
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particle size distribution of the cement, limestone f iller and river sand 
0/4 mm are similar as in § 4.3 and determined according to appendix A.5 
and A.6.  
Table 6- 1: Mix design of the traditional vibrated mortar and paste as well as the self-
compacting paste. 
(kg/m³) TVM TVP1 TVP2 SCP 
     
CEM I 52.5N 550 1216 1384 1049 
River Sand 0/4 mm 1450 / / / 
Limestone fi ller  / / / 350 
PCE 1* 0.04 / / 0.70 
Water**  275 608 554 524 
W/B 0.5 0.5 0.4 0.5 
* ratio solid particles PCE on cement mass ; 
* * water compensated for water present in superplasticizer;  
For the traditional vibrated morta r and paste as well  as self -compacting 
paste the amount of air  entraining agent (AEA) was varied between 
0.11% and 0.66% of the cement mass. In case of self -compacting mortar 
the amount was changed between 0.11% and 2.5 0% of the cement mass.  
Each time the amount of water was reduced compensating for the water 
in the air entraining agent.  
6.1.2. Test procedures 
Rheology 
A four vane rheometer was used to examine the influence of the air  
content on the plastic viscosity (μp) and the yield value  (τ0) of the 
mortars. The viscosity is defined as the slope in the shear stress  - shear 
rate graph τ(γ’) at a defined shear rate. The yield value is the 
intersection with the y-axis and represents the value of the stress that 
has to be applied to the material to initiate or maintain f low. The vane 
blade had a length of 30 mm, a height of 40 mm and a thickness of 2 mm. 
It rotated in a cylindrical cell with diameter 70 mm. This cell was 
provided with small vanes, to prevent wall slippa ge, Figure 6- 1. The 
rotating vane is positioned 20 mm above the bottom of the cell ,  which is  
filled with mortar to the same height of the vane, 60 mm. In this way a 
top effect is prevented, however a bottom effect  is sti ll present , Figure 
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6- 1. The resulting flow resistance generated by the mortar in the 
reservoir is measured at the inner vane.  
 
Figure 6- 1: left: four vane rotor with dimensions; middle: cell with dimensions and small 
vanes to prevent wall slippage; right: preventing a top effect by filling the cell with 
mortar to the same height as the vane. 
 
 
Figure 6- 2: Recorded rotational velocity and torque data of MIX1. 
The mortar was subjected to a pre -shear period of 40 s at a speed of 40 
rpm. Together with a decreasing rotational velocity profile, Figure 6- 2 ,  
it removed the thixotropic behavior in the mort ar. The rheological  
properties were determined controlling the rotational speed in 15 s 
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rpm to 15 rpm in steps of 5 rpm, from 15 rpm to 2.5 rpm in steps of 2.5 
rpm and from 2.5 rpm to 0 .5  rpm in steps of 0 .5 rpm. At each step, when 
the torque and the rotational velocity have reached equilibrium, an 
average value of  both parameters is calculated from the last five 
measuring points.  
Next, the values of torque and rotational velocity need to be 
transformed into fundamental rheological units, in order to be val id for 
comparative purpose (Ferraris, C.F.,  1999) , (Feys, D.,  2008) . For this,  
the author preferred a point-by-point transformation from torque -speed 
T(N s) to shear stress-shear rate τ(γ’). In this way, information is 
obtained of the region actually tested by the T(N s) measurements  
(Heirman, G.,  2011) . However, the transformation coefficients 
implemented in the rheometer, are obtained by a  calibration with oil .  
Applying these values on T(N s), gave no correct results in τ(γ’).  
Therefore the transformation was performed with the equations (6.1) & 














2 𝑁𝑠 (6.2) 
Where R i  is  the radius of the vane (15 mm), R o  is the radius of the 
cylindrical  cell (35 mm) and h is the height of  the van e (40 mm). On the 
one hand, these formulas assume a l inear velocity profile across the gap 
of the rheometer.  This is however not always valid,  especially not in a  
wide gap rheometer where the linear velocity profi l e can be disturbed 
by plug flow (Feys, D. ,  2008) . In the region of plug flow a constant 
velocity profi le will be recorded. Unfortunately, the point -by-point 
transformation makes it impossible to take into account this 
phenomenon in an analytical way. On the other hand the vane rheometer 
is considered to be  a coaxial cylindrical rheometer.  This can be justified 
by the larger yield values (τ0) of the mortars. As a consequence, a large 
unyielded area exists in the inner blade region of  the vane. Thereby the 
flow field in the vane rheometer will be close to tha t of a coaxial  
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cylindrical rheometer (Zhu, H. , 2010) . Only a small  underestimation of  
the torque will be made, due to secondary flow.  
The self-compacting mortar produced in this program showed, in 
general, a shear thickening behavior. Therefore the rheolog y is  
described by the modified Bingham model  (Feys, D. ,  2008) , Figure 6- 3  
and equation (6.3) . This was different for UHPC, where a first inspection 
indicated a shear thinning material  which is well fitted by the Herschel -
Bulkley model in Figure 6- 4, equation (6.4).  
𝜏 =  𝜏0 + 𝜇𝑝 ∙ 𝛾
′ + 𝑐 ∙ 𝛾′2 (6.3) 
𝜏 =  𝜏0 + 𝐾 ∙ 𝛾
′𝑛 (6.4) 
Where c is a second order parameter (Pa.s 2) , K is the consistency factor 
(Pa.sn) and n the flow index ( -).  
 
Figure 6- 3: A good fit by the modified Bingham model for SCM with shear thickening 
behavior. 
After a visual inspection, the a uthor was of  the opinion that the shear 
thinning effect originates from the plug f low. As the latter occurs when 
the shear stress is too low to have full shearing in the gap between the 
inner and outer cylinder a  zone with zero velocity will exist.  This zo ne 
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τ = 1.55+6.66γ'+0.53γ'² 
R² = 0.99 
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stress than when measured correctly . Consequently, this gives rise to an 
apparent shear thinning behavior.  
 
Figure 6- 4: A fit by the Herschel-Bulkley model for UHPC with an apparent shear 
thinning behavior. Bingham model gives a second and more reliable approximation. 
For this reason the Bingham fit  was considered more reliable , equation 
(6.5). The fit was used in case of ultra-high performance mortar and in 
case of low workable self -compacting mortar due to the addition of air  
entraining agent.  The previous problem is also mentioned in the work of  
(Toutou, Z.,  2006), where a critical shear rate is defined for wh ich the 
entire gap is not sheared and below which a change of the slope of the 
flow curve occurs.  
𝜏 =  𝜏0 + 𝜇𝑝 ∙ 𝛾
′ (6.5) 
For the pastes, a  Thermo Haake RS 150 viscometer was used as 
rheometer, which complies to the DIN 53018. The measurement profi le 
was shear rate controlled, a pre -shear period at 100 s - 1  for 70 s 
decreased the thixotropic inf luence. Then the shear rate is decreased 
stepwise from 100 s - 1  to  20 s - 1  in steps of 10 s - 1  and from 20 s - 1  to 0 s - 1  
in steps of 3.33 s - 1 .  Each step was maintained during 10 s. A modified 
Bingham model was applied to fit the data and to determine the yield  
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Workability  
The mini slump flow or f low (EN 12350 -5) are taken three minutes after 
stopping the mixer. The spread was measured on a wet tempered glass 
plate in two perpendicular directions. The min i  V-funnel is fi l led one 
minute after mixing and emptied 30 seconds later. These test setups are 
similar to the slump f low (EN 12350 -8) and V-funnel (EN 12350-9) used 
for self-compacting concrete but with smaller dimensions, Figure 6- 5.  
 
Figure 6- 5: Dimensions of the mini slump flow and V-funnel. 
Fresh and hardened air content  
The principals were the same as explained in § 4.5.1. For traditional 
vibrated mortar the volume of 1 liter is fil led in two times, after each 
time 10 strokes were given with a rod in order to densify the volume. 
The air content was unfortunately  not carried out for the pastes and 
could not be repeated as the paste was  made and tested in Cergy-
Pontoise .  
6.2. Correlation slump flow to rheological parameters 
During this work self -compacting mixtures were made and tested for 
their workability and rheology. As the data comprised stiff  mixtures like  
ultra-high performance mortar as  well as highly f luid self -compacting 
mortars, a large range was covered to correlate the slump flow with the 
yield value and/or viscosity.  The problem of  the mortar f low during the 
slump f low test can be solved analytically in two asymptotic cases 
(Roussel , N. ,  2005a). In a first case, the sample is  seen as a stack of  
layers which deform under the load from the layers above at constant 
 Chapter 6:Influence of air  on the workability and rheology  
224 Of cementitious materials  
mass unti l the radial stress in each layer equals the yield value (Flatt ,  
R.J . ,  2006). For this case of pure elongational flow, the analytical  





As the yield stress in this work never exceeds 100 Pa, we will not fit our 
data to this model  (Flatt , R.J . ,  2006) . In the second case, flow between 
the layers is assumed. In this case a pure shear flow is assumed which 
can be solved with a long -wave approximation and gives the following 









Between these two asymptotic solutions an interpolation can be 
performed. Generally this will lead to an exponential function of the 
following form (Flatt, R .J . ,  2006) , equation (6.8):  
𝜏0 = 𝑘 exp (−𝑔 𝑟𝑠) (6.8) 
In the above formulas, τ 0  [Pa] is the yield value, r s  [mm] is the slump 
flow radius,  V s  [mm³] is  the volume of the cone,  ρ [kg/m³] i s the density 
of the specimen, k and g are fitting parameters for a slump f low range 
going from 5 to 25 cm ,  λ a coefficient of both the unknown tested fluid 
surface tension and contact angle .  
As these equations are commonly validated with cement pastes, this was 
also done for the self -compacting and traditional vibrated pastes made 
in this project. For λ a  value of 0 .005 was chosen, based on the work of  
(Roussel , N. ,  2005b) . The results are shown in Figure 6- 6 where S s  is  
the slump f low in function of the yield valu e τ0 .  In conclusion Figure 6-  
6 shows a good fit with the long -wave approximation (Roussel, N. ,  
2005b). Furthermore, the slump f low of TVP  2 is  less sensitive to a  
change in yield value  by a change in air content,  compared with the 
more flowable pastes of SCP and TVP  1. This issue is also addressed in 
§6.3.3. In a second step, the correlation between the slump flow of the 
mortars and their yield value is investigated. The  results of the self -
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compacting mortar and the first two ultra -high performance mortars 
(MIX1 and MIX2) are included in Figure 6- 7. Again the pure shear f low 
model of (Roussel , N.,  2005b) is used to discuss the da ta.  
 
Figure 6- 6: Evolution of the slump flow in function of the yield value for pastes. (empty 
points = SCP, full points = TVP1, hatched points = TVP2) 
 
 
Figure 6- 7: Evolution of the slump flow in function of the yield value for mortars. (empty 
points = SCM, hatched points = SCM with AEA, full points = MIX1, cross = MIX2) 
Ss = -41.96ln(τ0) + 346 
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The general trend is predicted well by the long -wave approximation,  
especially for the ultra -high performance mortars which cove r the 
larger yield values. For smaller yield values, corresponding to self -
compacting mortar, the scatter of the results is high and the prediction 
is less accurate . This is i llustrated in Figure 6- 7 by the red points,  
indicating that for the same yield value a  large spread on the slump flow 
can be registered. The dif ference between the self -compacting mortars 
themselves is the air content, all the other constituents were kept 
constant. This was not the case for ul tra-high performance mortar,  
which explains the larger range of yield values covered. Nevertheless, in 
this part of the discussion we will focus more on the self -compacting 
mortar of  Figure 6- 7 . In §6.3 the inf luence of  air on the rheology will  be 
discussed. In that section it is demonstrated that by an increase in air 
content the plastic viscosity of self -compacting mortar is more affected 
than the yield value. The correlation in Figure 6- 7 only takes into 
account the last parameter. Unfortunately, this is a simplification as the 
air bubbles will  deform or act as obstacles d epending on the shear 
stresses in the slump flow cone and the effect of  air bubbles will  thus 
depend on both the yield value and the plastic viscosity . This 
shortcoming has already been addressed by (Bouvet, A.,  2010) . They 
proposed an expression for the yield value based on the slump f low and 
the apparent viscosity . In the opinion of the author  such an expression 
has less practical use, as the purpose of a one -to-one correlation is to 
estimate the yield stress from the slump flow measured on site, without 
the need of a rheometer. An alternative approach will b e discussed in 
§6.4.  
In §6.3.2 and §6.3.3 it will be shown that the impact of vacuum mixing 
on the plastic viscosity of  U HPC is less pronounced than the impact of  
air entrainment on the plastic viscosity of SCM. This is one of the 
reasons why the fit in Figure 6- 7 is more accurate in the range of UHPC. 
The best regression line through the data points had a similar shape as 
equation (6.5) which corresponds to an intermediate case of the two 
asymptotic solutions (6.3) and (6.4). Furthermore,  a good correlation 
between the plastic viscosity and the slump f low was found in Figure 6-  
8. For the self-compacting mortar even a better fit than with the yield 
value was obtained. The equation in Figure 6- 8 is however not related 
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to a physical  model as was the case for the slump flow in function of the 
yield value,  Figure 6- 7 . From the  correlations in Figure 6- 7  and Figure 
6- 8 it is can be stated that the  mortar f low during a  slump flow test is  
influenced both by the plastic viscosity and the yield value of the 
mixture.
 
Figure 6- 8: Evolution of the slump flow in function of the plastic viscosity for mortars. 
(empty points = SCM, hatched points = SCM with AEA, full points = MIX1, cross = MIX2) 
6.3. Effect of air bubbles on the rheology and workability 
of cementitious materials 
In this work the amount of air voids was manipulated in two ways. An 
air entraining agent  led to higher air  contents. A vacuum mixer reduced 
the air content. In the following sections the inf luence of air bubbles on 
the slump flow, V-funnel, plastic viscosity and yield value is examined. 
The results will be explained physically by the interaction between the 
shear stress and the surface tension, acting on the air bubbles. The 
interpretation will be facilitated by using a dimens ionless parameter,  
the capillary number. As no information was collected concerning the 
formation of  bubble bridges,  the inf luence of  air bubbles will not be 
correlated to this chemical pheno menon. Nevertheless, the author  
believes that it could give impor tant information when the effect of air 
bubbles is investigated in cement paste. However, the addition of  
aggregates will break these bridges by their grinding effect and make 
this phenomenon less relevant. In case of firm mixtures the air bubbles 
can also lubricate the bigger aggregates generating less friction and 
Ss = -61.79ln(μp) + 411.55 
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creating a better f luidity . This is certainly an effect to take into account 
as the representative air bubble size , § 6.3 .3 and §6.3.4,  is  of the same 
magnitude as the aggregate size . This phenomenon is however difficult  
to separate from that captured by the capillary number. Consequently 
both will be inf luencing the impact of air  bubbles on the f luidity of 
mixtures, especially for firm mixtures as UHPC and TVM. The capillary 





da  is  the representative diameter of the air bubble determined by air  
void analysis. The choice of each diameter will be justified by a volume 
based air void distribution from which the highest peak will be selected.  
Furthermore it is  calculated which percentage of all counted air bubbles 
is comprised by the chosen diameter , to take into account the discussion 
of §4.7.5. Thus, the method assumes that all air bubble sizes inf luence 
the workability and rheology in a similar way. This is however not 
necessarily true, but as information on this subject is  missing it is an 
understandable choice according to the author .  
τ [Pa] is the shear stress applied to the suspension. Depending on the 
type of mortar or paste the shear stress is determined with the modified 
Bingham model or the Bingham model. I n case of a dynamic parameter 
(slump f low, V-funnel and plastic viscosity) a shear rate of 5.3 s - 1  was 
chosen based on literature (Hot, J . ,  2013), (Tregger, N.,  2 008) and 
experience. The author  believes that this value approaches on average 
the shear stress in these tests  reasonably well,  however it should be 
seen as a first approach for the three tests. If  useful, a shear rate of 0 s - 1  
is used in case of the yield value.  
χ  is the surface tension between the system and the air, which is taken 
equal to 0.04 Pa.m and not 0.07 Pa.m as for pure water at 20°C because,  
as surfactants,  AEA lower the surface tension  (Hot, J . ,  2013). According 
to the author ’s knowledge, no informati on exists on the surface tension 
between paste and air, this is the reason why a value of 0.04 Pa.m was 
chosen. Furthermore every mixture used in this chapter contained 
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superplasticizer, therefore the surface tension was also equal to 0.04 
Pa.m for non air  entrained mixtures.  
If  the shear stresses are not able to overcome the surface tension, the 
air bubbles behave as obstacles and will hinder the flow and decrease 
the f luidity . In theory this would occur in case Ca < 1. In the opposite  
case Ca > 1 the air bubbles will  deform in the direction of the f low and 
thereby increase the fluidity of the sample, Figure 6-  9. However, i t has 
to be marked that this is  not an exact number as uncertainties exist 
about both the representative diameter and the surface tension.  
Nevertheless, i t is as useful tool to explain the results.  
 
Figure 6- 9: The deformation of air bubbles and their dependence on the relationship 
between the applied shear stress and the surface tension. 
6.3.1. Influence of entrained air bubbles on the properties of fresh pastes 
(Struble, J .L. ,  2004) performed a large number of tests on pastes with 
and without superplasticizer. The effects were explained chemically  
and/or physically without a direct reference to the capillary number.  
For the mixtures without superplasticizer (traditional vibrated paste in 
this work),  the yield value increased and the plastic  viscosity decreased 
when the amount of entrained air bubbles was increased. This was 
different in our case, as the plastic viscosity increased by the addition 
of air,  Table 6-  2. In order to determine the capillary number a difficulty 
arises when a representative air void diameter has to be chosen.  As no 
aggregates are present in the paste mixtures,  few bubbles are held up in 
their  motion to the surface (De Larrard,  F.,  1999).  Consequently,  it  is  
difficult to choose a representative diameter based on the air void 
distribution of the paste . The peak in Figure 6- 10 is much less 
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representative compared with the one determined in Figure 6- 15,  
Figure 6- 21 or Figure 6- 27. For example, in case of TVP 2 only 0.45% 
total volume of air voids in volume percent of the paste  stays behind in 
the bulk of  the specimen. This low percentage is however not 
necessarily valid during testing of the fresh properties, where more air  
could be entrapped in the bulk. For this reason a representative 
diameter is chosen based on Figure 6-  15. For SCM with increasing 
dosage of AEA the air void diameters between 60 µm and 8 0 µm were 
influenced the most (volume based). This was also confirmed by 
fluorescence microscopy in § 4.6 and by computed tomography in § 4.7 .  
Furthermore 9% to 14% of the counted air bubbles were comprised by 
this size class. For these reasons the representative diameter was set 
equal to 80 µm. This is of  course an assumption, but as SCM, TVP and 
SCP all are fluid mixtures it could somehow be justified.  
For the TVP mixtures of Table 6- 2, the air bubbles were not able to 
deform which can be seen at the capillary number that was lower than 
1. Consequently, the plastic viscosity increased by the addition of AEA 
and the slump flow decreased. The question whether the increase of the 
plastic viscosity is due to the polymer itself  or the air bubbles will be 
addressed in §6.3.2 . According to the work of (Struble,  J .L.,  2004) 
mixtures with superplasticizer (self -compacting paste in this work) , had 
an increased yield value and plastic viscosity when the amount of  
entrained air bubbles was increased. This was also observed for the SCP 
pastes in this project, Table 6- 2. The bubbles were not able to deform 
under the applied shear stresses and acted as obstacles.  
Table 6- 2: Influence of air entraining agent (AEA) on the workability and rheology of 
pastes. 
SCP & TVP 
slump 
flow [mm] 
τ0 , M B  
[Pa] 
μp , M B  
[Pa.s]  
Ca at 
5.3 s - 1  [-]  
TVP 1 - 0.00%AEA 278 8 0.16 0.017 
TVP 1 - 0.66%AEA 256 9 0.23 0.021 
TVP 2 - 0.00%AEA 204 33 0.96 0.076 
TVP 2 - 0.66%AEA 186 32 1.02 0.073 
SCP - 0.00%AEA 263 6 0.12 0.013 
SCP - 0.66%AEA 276 9 0.26 0.020 
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Figure 6- 10: Air void distribution of TVP 2 without air entraining agent. 
The increase of the slump flow was however unex pected. At a lower 
dosage of air entraining agents, namely 0.44% of the cement mass , an 
average spread of 244  mm was registered.  This value seems more 
logical , nevertheless the high fluctuations highlight the difficulties in 
investigating the influence of air bubbles on the paste level. The scatter 
reflects the random character of entraining air, leading to diffe rences in 
sizes and spatial distribution of the air bubbles between two similar 
mixes. This will especially influence the results of  the pastes as only 
two measurements per air content were measured.  
6.3.2. Influence of entrained and entrapped air on fresh self-compacting 
mortar 
In case of self -compacting mortar the amount of entrapped air was 
varied by vacuum mixing and the amount of  entrained air by AEA. For 
the latter two batches were made. B atch 1 consists of four mixtures of 
SCM with 0.66%AEA of the cement ma ss.  In batch 2 the amount of  air  
entraining agent was increased from 0.00%AEA to 2.50%AEA of the 
cement mass , for each dosage one mixture was made . In Figure 6- 11 
and Figure 6- 12 a decrease of the slump flow and an increase of  the V -
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compacting mortar. Despite the more pronounced impact of air  
entraining agent on the f lowability, t he change of  the slump f low b y 
decreasing the amount of entrapped air proceeds steeper than in case of  
air entrainment. This is however less clear in case of the V-funnel.  
Moreover,  the results disprove the hypothesis of (Mielenz, R.C.,  1959) 
stating that entrapped air voids are ineff ective in changing the 
workability of mortar because they do not change the dilatancy of mass 
necessary for manipulation. In §4.6.3 it  is  shown that entrapped air  
bubbles are situated in the bulk of the specimen  and thus not protected 
against the mass above by a granular framework of aggregates. This 
section shows that the entrapped air bubbles do change the workability  
of SCM. By removing entrapped air bubbles from the SCM a better slump 
flow and V-funnel time is obtained.  Besides this,  vacuum mixing reduces 
the scatter of the V-funnel time, which is always a beneficial result .  
 
 
Figure 6- 11: Influence of entrapped and entrained air on the slump flow of a self-
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Figure 6- 12: Influence of entrapped and entrained air on the V-funnel of a self-
compacting mortar with water-to-cement ratio 0.4. 
 
 
Figure 6- 13: Influence of entrapped and entrained air on the yield value of a self-
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Figure 6- 14: Influence of entrapped and entrained air on the plastic viscosity of a self-
compacting mortar with water-to-cement ratio 0.4. 
Figure 6- 13 and Figure 6- 14 illustrate the influence of air bubbles on 
the yield value and the plastic viscosity . The entrained air bubbles 
increase both rheological  parameters. At lower dosages the plastic  
viscosity is influenced more than the yield value, a similar observation 
was made by (Wallevik, O. ,  2011). At higher dosages the yield value also 
tends to increase. In contrast, the reduction of entrapped air  reduces 
the plastic viscosity in a clear way. The yield value stays almost 
invariable after an air content reduction. This observation highlights a 
useful tool to control the increasing plastic  viscosity due to 
incorporation of secondary cementitious mate rials or waste materials in 
the mix design of self -compacting concrete and mortar.  
Table 6- 4 give the averages of the workability tests and the rheological  
parameters as well as the average fresh air content. Simi lar to the paste,  
the capillary number is used to explain the observed results. For the 
calculation a representative  diameter of 80 µm was used as explained in 
§6.3.1. This value corresponds well with a characte ristic diameter 
between 60 µm and 80 µm as suggested by (Hot, J . ,  2013). The air void 
distributions of the mixtures from batch  2 with increasing amount of  
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entrainment increases the size class of 60 µm to 80 µm in an important 
way.  
Table 6- 3: Influence of entrained and entrapped air on the workability and rheology of 








A f r e s h  
[%] 
τ0 , M B  
[Pa] 
μ p , M B  
[Pa.s] 
Ca at  
0 s - 1 [-] 
Ca at  
5.3 s - 1 [-] 
vacuum 292 26 1.1 2 8 0.004 0.125 
atmospheric 227 35 3.3 3 14 0.006 0.201 
0.66%AEA 199 47 16.9 14 29 0.027 0.335 
 





A f r e s h  
[%] 
τ0 , M B  
[Pa]  
μ p , M B   
[Pa.s] 
Ca at  
0s - 1  [ -] 
Ca at  
5.3s - 1  [ -] 
0.00%AEA 350 1.2 1 4 0.003 0.058 
0.11%AEA 305 5.4 2 8 0.004 0.091 
0.22%AEA 308 6.2 2 10 0.004 0.118 
0.44%AEA 272 11.5 3 15 0.007 0.173 
0.66%AEA 261 14.0 5 21 0.010 0.230 
1.25%AEA 181 14.5 15 35 0.030 0.401 
2.50%AEA 114 17.0 39 44 0.079 0.542 
Increasing the amount of air voids by mixing under atmospheric 
pressure or using air entraining agent increases the capillary n umber.  
As the latter is less than one, the air bubbles are not deformed and act 
as obstacles which lead to an increase of the plastic viscosity and the 
yield value by an increase in AEA. This in turn decreases the slump f low 
and increases the V-funnel time. Table 6- 3 and Table 6- 4 mark again 
the clear inf luence on the plastic viscosity of both entrapped and 
entrained air , which is  less pronounced in case of  the yield value .  Only 
for AEA dosages higher than 1.25% of  the cement mass an important 
increase of  the yield value is registered,  Table 6- 4. 
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Figure 6- 15: Air void distributions of self-compacting mortar with increasing dosages of 
air entraining agent. (based on the mixtures of SCM-AEA-batch2 of Table 6- 4) 
The variability between batch  1 and batch 2 is also important to notice . 
For batch 1 a slump f low of 199 mm was obtained for SCM with 
0.66%AEA of the cement mass, compared to a slump flow of 261 mm for 
batch 2. This scatter again reflects the random character of entraining 
air, leading to differences in size and spatial distribution of the air  
bubbles between two similar mixes , (Struble, J .L. ,  2004) . 
Finally, the author tried to validate the assumption that the air bubbles 
are the origin of the higher plastic viscosity in case of self -compacting 
mortar and not the polymer itself .  In order to verify this, th e mortar 
was made with different dosages of  air entraining agent  (0.00%AEA -
2.50%AEA of the cement mass)  and mixed under both atmospheric 
pressure and almost va cuum pressure. For each mixture  the plastic  
viscosity was determined, the results are shown in Figure 6- 16. Under 
atmospheric pressure the viscosity keeps  increasing as the amount of  
AEA increased, in contrary a constant viscosity was obtained when a 
lowered mixing pressure was applied. For the mixtures made  under 
almost vacuum conditions, the air bubbles were unable to form which 
was confirmed by the fresh and hardened air content. The fresh air  
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stayed stable between 1.0% and 2.7% under almost v acuum pressure. A 
similar variation was determined for the hardened air content. In 
conclusion, the air bubbles change the plastic viscosity of the self -
compacting mortar.  Of course, in other mixtures it is plausible that 
micelles are formed which can alte r the plastic viscosity even under 
almost vacuum conditions  (Du, L. ,  2005) . As the fresh air content did 
not reach a saturation level at higher AEA dosages,  it is assumed that 
micelle formation is limited.  
 
Figure 6- 16: Impact of vacuum mixing on the effect of air entraining agent in a self-
compacting mortar. 
6.3.3. Influence of entrapped air on fresh ultra-high performance mortar 
For MIX3 the correlation functions of Figure 6- 7 and Figure 6- 8 were 
used to determine the yield value and the plastic  viscosity from the 
slump flow data .  Furthermore,  the aggregates are smaller than the 
thickness of the fresh sample when flow stops. Thus the slump  flow can 
be directly related to the yield stress. This is not the case  for SCM or 
MIX2 where the largest particles are bigger than the thickness of the 
sample when flow stops. Consequently the lat ter cannot be handled as a 
continuous f luid and continuous f luid mech anics are not applicable 
(Yammine, J . ,  2008) . The results for the ultra -high performance mortars 
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results of MIX1-2-3. The characteristic  diameter was again determined 
by air void distributions,  Figure 6- 21 to Figure 6- 23. From these 
figures a diameter of 750 µm is chosen as a representative diameter .  
Moreover 3%, 10% and 8% of the counted air bubbles for MIX1-2-3 
were comprised by this diameter. From Figure 6-  17 to Figure 6- 20 it  
can be concluded that the dynamic effect of the air bubbles strongly 
depends on the possibility  of shear flow to occur.  For MIX1 and MIX2 no 
clear decrease of the slump f low is noticed, as the air bubbles are not 
participating in a shear f low  (Roussel, N. ,  2005a) . For these mixtures a 
very low slump flow was recorded which presumably was the re sult of a  
more elongational flow (Flatt , R .J . ,  2006) , Figure 6- 17. The higher 
initial slump flow of MIX3 made it possible for the air bubbles to 
deform, leading to a decrease in slump flow when vacuum mixing was 
applied. In case of the V-funnel, where a slightly higher shear rate can 
be expected,  the effect of vacuum mixing is felt  for MIX1 and  MIX3, 
Figure 6- 18.  However,  in case of the former almost no change in yield 
value and plastic viscosity is recorded when the air content is changed, 
Figure 6- 19 and Figure 6- 20. Therefore, the author is of the opinion 
that this result is dominated by other parameters . Namely, in case the 
workability tests are not performed  at the same time, temperature or 
relative humidity , a different structural build up will occur which 
influences the results. As such a structure is broken during the preshear 
period in the rheometer, i t will not affect the results of the yield value 
and plastic  viscosity.  Nevertheless,  it  will  change the V -funnel time. In 
Figure 6-  18 the V-funnel times are  significantly higher in case of MIX1 .  
In contrary the yield value and plastic viscsosity do not change much, 
which indicates that other effects as thixotropy influence d the results of 
the V-funnel time and not the effect of vacuum mixing . Furthermore, the 
extra shear stress did not activate the air  bubbles in MIX 2 as no change 
in V-funnel time was registered after vacuum mixing.  
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Figure 6- 17: Influence of entrapped air on the slump flow of different ultra-high 




Figure 6- 18: Influence of entrapped air on the V-funnel of different ultra-high 
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Figure 6- 19: Influence of entrapped air on the yield value of different ultra-high 




Figure 6- 20: Influence of entrapped air on the plastic viscosity of  different ultra-high 
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In case shear flow was dominant the yield value and plastic viscosity 
increased in a similar way when vacuum mixing was applied, MIX3. In 
case elongational flow was dominant, MIX1 and MIX2, the yield value 
and plastic viscosity did not change in an important way. This problem 
was also addressed by (Bouvet, A.,  2010) who similarly obtained an 
nonsensitive final diameter for materials with relatively high τ 0 .  They 
proposed to use a more slender cone shape in order to al low more 
dynamic effects inducing a large and more significant spread. 
Furthermore, this lack of dynamic effects led to a better fit for the UHPC 
as discussed in §6.2 .  
 
Figure 6- 21: Air content distribution of MIX1 mixed under atmospheric and almost 
vacuum pressure. 
In case of shear flow, MIX3, the increased yield value and plastic  
viscosity can be explained by the capillary number and the lubrication 
effect of the air  bubbles. From Table 6- 5 it is seen that the capillary 
number at 0 s - 1  is lower than 1, thus mixing under atmospheric 
pressure should increase τ 0  as more obstacles are included. However,  
the reverse was found. A possible reason could be the lubricating 
effect of the air bubbles around the aggregates leading to less friction.  
Consequently, this could lower the yield value. The capillary number at 
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under this shear rate and increase the fluidity (slump flow and V -
funnel) and decrease the plastic viscosity . This will  again be enhanced 
by the lubricating effect.  
 
Figure 6- 22: Air content distribution of MIX2 mixed under atmospheric and almost 
vacuum pressure. 
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A f r e s h  
[%] 
τ0 , B  
[Pa] 
μ p , B  
[Pa.s] 
Ca at  
0 s - 1 [-] 
Ca at  
5.3 s - 1 [-] 
MIX1-
atmospheric 
183 49 4.1 38 32 0.713 3.875 
MIX1-
vacuum 
180 79 1.0 40 33 0.749 4.055 
MIX2- 
atmospheric 
193 33 3.6 43 38 0.797 4.535 
MIX2- 
vacuum 
186 37 1.2 47 43 0.879 5.154 
MIX3- 
atmospheric 
217 21 3.4 22 24 0.475 2.993 
MIX3- 
vacuum 
185 53 1.4 54 40 0.976 4.960 
In order to introduce more dynamic effects , additional energy was 
applied to MIX1. This was achieved by giving 15 shakes to the material  
similar as in EN 12350 -5. Figure 6- 24 recalls the data of MIX1 from 
Figure 6- 17, in addition the slump f low values after shocking are 
included. The latter had a  lower slump f low as less superplasticizer was 
used and the cement and silica fume came from a different batch. In 
conclusion, the difference in slump flow between atmospheric and 
almost vacuum mixed UHPC is larger when shocks are applied and thus 
more dynamic effects are introduced.  
 
Figure 6- 24: Impact of extra energy on the effect of vacuum mixing on MIX1. Empty 
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To visualize this conclusion, two mixtures were made respectively 
under atmospheric pressure and almos t vacuum pressure.  Three 
minutes after mixing the slump flow was taken, next 15 shocks were 
given to the material . To have an accurate measurement, a photo of the 
different slump flows was taken and measured by an image analysis 
tool . The results can be se en in Figure 6- 25 and Figure 6- 26.  
 
Figure 6- 25: left: slump flow MIX1-1013 mbar before additional energy (slump flow = 
156 mm). right: slump flow MIX1-50 mbar before additional energy  
(slump flow = 145 mm). 
 
Figure 6- 26: left: slump flow MIX1-1013 mbar after additional energy (slump flow = 187 
mm). right: slump flow MIX1-50 mbar after additional energy (slump flow = 174 mm). 
Similar as in Figure 6-  24, the effect of vacuum mixing is more 
pronounced when additional energy is given to the material, thus in 
case of more dynamic effects. Consequently, another alter native could 
156 mm 145 mm 
187 mm 174 mm 
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be to perform a slump flow test on a vibration table and vibrate for a 
short but fixed period. The collected data could be the initial slump f low 
and the one after the vibration. In general, these results show the 
difficulties in determining t he workability and rheology of  UHPC. In 
order to quantify properly the effect of a difference in proportioning,  
air bubbles in this case, a suitable workability should be chosen.  
Another peculiarity is  the fact that MIX1 has a solid volume fraction of  
0.78 (volume of all dry materials relative to the total volume of the 
mixture) and a  corresponding yield value of  40 Pa,  Table 6-  5.  This is  
however contradicting with the results of (Yasmmine, J . ,  2008) where 
the same solid volume fraction would corresponds to a yield value 
around 1000 Pa governed by especially  frictional interaction between 
the solid skeleton. In contrary the low yield value obtained in this work 
suggest a  mixture that resembles more to a self -compacting mortar for 
which the workability  is  more governed by hydrodynamic effects.  This 
indicates the importance of not only taking into account the packing 
density to determine the yield stress of UHPC but also the quantification 
of the interparticle forces a nd the influence of PCE (Flatt , R.J . ,  2004).  
In conclusion, testing the workability and rheology of UHPC comes with 
certain problems like plug flow, nonsensitive workability tests and a 
larger operator dependency  that has to be taken into account by the 
researcher. From the previous discussion, it is clear that UHPC is an 
example of the intermediate case of the two analytical solutions for the 
problem of  the mortar f low during the slump f low test cited in the 
beginning of this paragraph (Roussel ,  N.,  2005a).  
6.3.4. Influence of entrapped and entrained air on traditional vibrated 
mortar 
Finally the effect of air bubbles on the workability of traditional 
vibrated mortar is tested.  The lower air content values were obtained 
by vacuum mixing, the higher with an air ent raining agent with a dosage 
that varied from 0.11% to 0.66% of the cement mass.  As the rheological  
tests were not simple to perform with the vane rheometer and led to 
insignificant results, they were excluded from this work. The slump and 
the shock table (spread) were performed according to EN 12350 -2 and 
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EN 12350-5 respectively.  In order to have an idea on the capillary 
number,  the yield value is determined by equation (6.10), (Wallevik,  
J .E. ,  2004). This formula is applied as the slump of traditional vibrated 
mortar is  generally governed by the friction between aggregates and 
thus by their volume fraction and less by the rheology of the cement 
paste, (Flatt , R.J . ,  2004) .  




Were Ss s  is the measured slump and ρ is the density of the material .  
From the air void distribution a representative diameter of 750 µm was 
selected, Figure 6- 27. Furthermore 8% to 10% of the counted air  
bubbles were comprised by this diameter .  
 
Figure 6- 27: Air void distributions of traditional vibrated mortar. 
As the capillary number at 0 s - 1  is higher than 1,  Table 6- 6, this will  
certainly be the case at higher shear stresses. Consequently, i t can be 
concluded that the air bubbles in traditional vibrated mortar will  
deform and increase the fluidity and decrease the rheological  
parameters.  The lubricating effect of the air bubbles around the 



























Chord size [mm] 
TVM0.5-atmospheric
TVM0.5-vacuum
Chapter 6:Influence of air  on the workability and rheology  
Of cementitious materials   247 






A f r e s h  
[%] 
τ0 , B  
[Pa]  
Ca at  
0 s - 1  [ -] 
TVM0.5 -  vacuum 48 172 4.0 930 17.436 
TVM0.5 -  atmospheric  53 179 6.4 870 16.313 
TVM0.5 –  0.66%AEA 85 200 12.3 636 11.931 
This is confirmed by an increase in slump and spread, Figure 6- 28,  
when air is  added to the mixture.  Similar to self -compacting mortar, the 
large amount of  entrained air bubbles had a larger impact on the 
workability than the lower amount of entrapped air bubbles. Sti l l ,  
manipulating one of both types of air bubbles, led in each case to a clear 
change in workability.  
 
Figure 6- 28: Influence of entrapped and entrained air on the workability of a vibrated 
mortar with a water-to-cement ratio of 0.5. 
6.4. Influence of entrapped air on the packing density of 
UHPC 
From §6.2 it was concluded that a one -to-one correlation between the 
yield value and the slump flow fai led in  properly fitting the data over 
the whole range of yield value,  Figure 6- 7. The main cause originates 
from the fact that air bubbles will deform or act as obstacles depending 
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altering the fluidity,  see § 6.3. Thus the correlation will depend on both 
the plastic viscosity and yield value. To overcome this inconvenience 
the rheological parameters could be predicted based on the material  
composition (De Larrard, F. ,  1999), (Flatt, R.J . ,  2004). In this approach,  
one of the key elements is  the packing densit y of the granular skeleton.  
At this point, wet methods to determine this parameter for fine powders 
neglect the effect of entrapped air. The influence of this will be 
investigated in this section. Therefore a similar mixture as MIX7 from 
Table 3- 6 was used. The only difference was the use of a  densified sil ica  
fume instead of a white silica fume. Furthermore, the same tests were 
performed on the paste of this mixture  for which the relative volumes of  
silica fume and quartz fi l ler to the volume of cement were kept constant 
as well as the total volume of powders. Besides this the volume of solids 
PCE to the volume of powder was also kept constant. The  test comprised 
the mixing of the paste or  mortar  at different water-to-solid  ratios by 
volume (uw) under both atmospheric pressure and almost vacuum 
pressure.  As the volume of solids was kept constant, an increasing 
water-to-solid ratio by volume was managed by increasing the volume 
of water.  After the mixing procedure, a  container of  one liter was fi lled 
with material  and weighed.  The obtained data enables us to determine 
the solid volume of granular materials (Vg), the void ratio (u) and the 
air ratio (ua) as well as the water-to-solid ratio by volume (u w) with the 
help of equations (5.2) and (6.11) to (6.14). 













Where, Vw  is the effective water volume, V sp  is  the volume of  the 
specimen and Ø represents the solid contr ation of the mixture. Figure 6- 
29 and Figure 6- 30 show the void ratio in function of the water -to-solid  
ratio by volume. For the paste this water -to-solid ratio is equal to the 
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water-to-powder ratio . The obtained results are very similar to the data 
obtained by (Wong, H.H.C. ,  2008) . It clearly shows the difference 
between the minimum void ratio itself ,  which takes into account the 
amount of entrapped air  (um i n ,  1 0 1 3 m b a r) and the minimum water demand 
ratio (uw d) which is commonly considered as the packing density of the 
granular material. In case of powders this can be determined by for 
example centrifugal consolidation as mentioned in § 3.2. By assuming 
the latter, the amount of  entrapped air  u a  is neglected. However,  in 
order to determine the rheological parameters properly through 
fundamental parameters as the packing density, the amount of  
entrapped air should be taken in accoun t. Mixing under a reduced 
pressure is a possible way to avoid this inconvenience. Under these 
conditions, Figure 6- 29 and Figure 6- 30 show that the minimum void 
ratio (um i n ,  5 0 m b a r) and the minimum water demand ratio (u w d) are the 
same.  
In conclusion this section marks the importance of taking into account 
the amount of entrapped air in the determination of the packing density 
of the granular mix of the paste or the mortar. In case wet packing 
density tests, as mentioned in  Table 3- 1 and used for Figure 3- 4, can 
be performed under almost vacuum conditions (50 mbar) , t he minimum 
water demand following from these tests will be similar to the minimum 
void ratio. Consequently, this will lead to a better a priori 
determination of the rheological parameters  in case the mixtures are 
made under almost vacuum conditions . Besides the correct 
determination of the packing density, much work has to be done on the 
quantification of the interparticle forces to predict the rheology of paste 
and homogenisation theories to extrapolate the findings on the paste 
level to the mortar and concrete level (Flatt, R . J . ,  2004).  
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Figure 6- 29: Void ratio for the paste in function of an increasing water-to-solid 
(powder) ratio by volume for mixtures made under atmospheric (1013 mbar) and 
almost vacuum pressure (50 mbar). 
 
Figure 6- 30: Void ratio for the mortar in function of an increasing water-to-solid ratio 
by volume for mixtures made under atmospheric (1013 mbar) and almost vacuum 
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6.5. Conclusions 
In this chapter the influence of two types of air  bubbles was studied on 
the workability and rheology of cementitious materials. The higher air  
contents were achieved by a proper air entraining agent (entrained air 
bubbles), the lower air contents were realized by a  vacuum mixer 
(entrapped air bubbles). The following results were obtained:  
  In a first section the correlation between the slump flow and the 
yield value was validated. It was concluded that this one -to-one 
correlation was not valid over the whole range. Fundamentally , air  
bubbles are able to deform or act as obstacle depending on the 
shear stresses (yield value and plastic viscosity) acting during the 
slump f low. The dynamic effects of the slump flow are not to be 
neglected. This is the main reason why a pure shear flow model 
failed to predict the results without a large scatter.  
  In the next section, the influence of air  bubbles on different paste 
and mortar types is examined. The capillary number is used to 
explain the results.  In the case of  fluid mixtures such as pastes and 
self-compacting mortar, air bubbles act as obstacles and thereby 
decrease the fluidity. The shear stresses in the rheometer or the 
workability test are too low to overcome the prevailing surface 
tension. In case of more stiff  mixtures such as traditional vibrated 
mortar and ultra-high performance mortar, the air bubbles deform 
under the applied shear stresses. Increasing the amount of air  
bubbles will  consequently lead to an improved rheology and 
workability . The importance of the lubricating effect of  the air  
bubbles around aggregates in firm mixtures is also pointed out.  
  For UHPC the significance of a sensitive workability test was 
proven. Namely, the diameter obtained with the current mini -slump 
flow test was insensitive for the variations in entrapped air content.  
By increasing the dynamic effects by additional energy and thus 
activating the air bubbles, the impact of an air content reduction 
could be better observed.  
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  In the last section the impact of neglecting the amount of the 
entrapped air on the packing density of granular mixtures , is  
discussed. In case of systems with a low water -to-solid ratio a high 
amount of entrapped air is expected. This was also observed in our 
work. Consequently, the packing density obtained from a wet 
packing density test will be higher than the real packing density 
that takes into account the air content. A possible solution to this 
inconvenience is vacuum mixing which led to the same values of the 
minimum void ratio and the minimum water demand ratio.  
Despite the challenging task of investig ating the influence of air 
bubbles on the fresh properties of different pastes and mortars.  
This chapter was able to provide some new perspectives concerning 
this topic. Nevertheless, if  an a priori estimation of the air  void 
content and distribution is ai med for,  more research is sti ll  
necessary. This will probably imply the numerical modelling of the 
mixing process and obtaining a much better understanding on 
parameters inf luencing the rising, dissolution and coalescence of air  
bubbles in a visco-elastic medium. Dimensionless parameters as the 
Reynolds number, Ëotvös number and the Morton number which 
control the movement of the bubble (De Vries, A.W.G., 2001), (Chen, 
L. ,  1999) will play an important role . However, the whole process 
becomes more difficult by the presence of sand particles providing 
extra contact forces and the mixing process which changes the gas-
liquid system significantly .  
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In this PhD thesis the question is raised how air affects the properties 
of cementitious materials. Different as for other constituents this 
component is much more difficult to investigate as it is a gas instead of  
a solid like aggregates, binders, and additives or a l iquid like water and 
superplasticizer.  Nevertheless, when fundamen tal research is performed 
the knowledge of  the pore structure is often use d to obtain important 
information. This is seen when the building units of CSH are 
investigated, when the permeability of a cementitious material is  
related to its pore connectivity,  in the search for alternatives to lower 
the plastic viscosity of a mixture or to control the mixing procedure and 
to avoid undesirable fluctuations in the properties of fresh and 
hardenend cementitious material  due to an uncontrollable air  inlet . The 
latter proves the significance of a study how different techniques as 
vacuum mixing, air entrainment and a heat treatment alter the 
properties of fresh and hardenend cementitious materials.  Air  
entrainment is most of the time used to increase the freeze -thaw 
restistance and a  heat treatment is often applied to accelerate the 
hydration process in order to dem ould the specimens in an early state  
in precast industry. The scope of vacuum mixing is ho wever not so clear.  
Therefore CHAPTER 1 and CHAPTER 2of this work investigate how this 
technique can be used and on which type of cementitious material  it  can 
be applied.  
7.1. Scope of vacuum mixing 
The last decades a lot of research is performed to predict the behaviour 
of cementitious materials on short, medium and long term. Important 
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information is obtained concerning the effect of mixing time and mixer 
type on the dispersion of the granular materials (Jézéquel, P . -H. , 2007),  
the interaction of PCE with binders  (Planck, J . ,  2009) , the correlation of  
fundamental parameters as packing density , particle size and  
distribution with initial yield stress and viscosity (Flatt, R .J . ,  2004) , 
(Kjeldsen, A.M.,  2007)  and with the hydration degree (De Larrard,  F.,  
1999), the modelling of thixotropic effects and the influence of PCE on 
this phenomenon (Lesage, K. ,  2014) , (Ferron, R.D. , 2013) , the 
understanding of the hydration kinetics and the effect of  
superplastizicers (Cheung, J . ,  2011) , (Zingg, A. ,  2008) and the 
thermodynamical modelling of the phase assemblages of normal and 
blended systems (Lothenbach, B. ,  2011).  
All these efforts could be seen in a much bigg er framework, where 
tailored made mixtures are made for specific applications. Furthermo re 
this knowhow could lead to fully automated concrete plants or even to 
the 3D-printing of residential compounds, Figure 7- 1. 
 
Figure 7- 1: Example of a possible residential compound obtained by 3D-printing. 
However, aside from the tremendous work delivered in the last years ,  
the modelling of the mixing process and how air gets entrapped is a 
complex subject and stil l  not fully understood. This thesis tried to 
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overcome the last inconvi ence by mixing cementitious materials under a  
reduced pressure in a vacuum mixer. Consequently, the undersirable 
effects of  entrapped air  can be reduced , contributing to a  better  
prediction of the prope rties of tailored made mixtures.  
In CHAPTER 2 the performance of this mixer was compared with other 
mixer types. Furthermore a scientific approach to determine the mixing 
time and procedure was elaborated. At the end the effect of vacuum 
mixing was tested on the compressive strength of traditional vibrated 
mortar,  self-compacting mortar and ultra-high performance mortar. The 
air content was decreased for the different technologies, but the effect 
was most pronounced for ultra -high performance mortar. As little  
knowledge was available on this technology in Belgium a throughout 
material optimization was performed in CHAPTER 3.  
7.2. Ultra-high performance mortar 
Ultra-high performance mortar is obtained by a good synergy of the 
constituents used for its production . A first step to a higher 
performance is the optimization of the packing density.  The interaction 
of different size classes of aggregates is already well understood (De 
Larrard, F. 1999) , (Fennis, F.A.A.M.,  2011) . However, problem rises 
when the physical interactions of powders as si lica fume and cement is  
investigated. It was shown in § 3.2 that the correct determination of the 
particle size distribution of silica fume has an im portant inf luence on 
the modelling of the interaction curves  by the compressible packing 
model (CPM). Nevertheless, from the moment a mixer or compaction 
technique is characterize d by its energy level,  K-factor, models as CPM 
can optimize the packing densi ty of the mixture. A full packing 
optimization will lead to a high amount of fine particles such as cement 
and thus also a high amount of PCE . Therefore, it  is important to choose 
a suitable cement type. An important criteria for UHPC is the presence 
of a good sulfate balance as visualized in Figure 3- 7. As it is not 
practical to investigate the hydration kinetics,  the author advises to 
select cement with a proper alkali -sulfate/C3A molar ratio with 
preferably a  hi gher content of  hemihydrate and a low C3A total  surface 
area. To improve the packing density and use the produced CH of the 
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cement in a proper way, silica fume is added to the system. Besides a 
good dispersion of  the primary agglomerates leading to a prope r fil ling 
of the interstices between the cement particles. It is  important to select 
a silica fume that increases the hydration degree by forming secondary 
CSH. Furthermore, the roll  bearing effect of the secondary agglomerates 
can improve the workability of the UHPC. White si lica fume, with a low 
carbon content, can help to reduce the superplasticizer demand of the 
mixture.  Due to the high amount of  binders, the choice of  
superplasticizer becomes extremely important. In UHPC both silica fume 
and cement particles have to be dispersed properly. Due to the presenc e 
of different mineral surfaces the author advises to use a combination of 
different PCE’s with different molecular structures. Furthermore, the 
superplasticizer should score well in the sulfate sensi tivity criteria and 
has to be able to maintain a desirable slump life . Finally, to prevent 
transgranular cracks in the  aggregates as they become the weakest spot 
in the heterogenous mass,  a strength class should be chosen compatible 
with the strength of the matrix. Moreover, they should have a good 
surface texture to improve the interlocking between the paste and the 
aggregates. In this work,  good results were obtained with basalt and 
porphyry.  
In conclusion, ultra-high performance mortar is characterized b y a  
system situated at the edge. This means that a change in PCE-type, batch 
of cement and thus amount of soluble sulfates, batch of silica fume and 
thus the amount of carbon content, can change the properties of  UHPC 
in an important way. Nevertheless, suc h a system enables the researcher 
to better understand the governing parameters and kinetics of 
cementitious systems. This knowledge can then be used for other 
technologies in order to obtain more ecological and economical  
mixtures.  
7.3. Pore size characterization 
In CHAPTER 4,  the knowledge of (U)HPC and the effect of techniques as 
vacuum mixing, air entrainment and heat curing are combined. In order 
to understand their influence on a macroscopic level (mechanical  
performance and workability) a characterization of the pore structure is  
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important. This is however not an easy task as the pore size distribution 
is the widest of all constituents ranging from the nanometer to the 
millimeter level . For this reason mercury i ntrusion porosimetry is used 
as it is able to cover a la rge segment of this size range. Unfortunately,  
this technique leads to an overestimation of the smaller pore sizes.  
Therefore, different techniques as air void analysis, f luorescence 
microscopy, computed tomography, environmental scanning electron 
microscopy and sorption isotherms are used to obtain a second 
interpretation of the pore structure. From the first three t echniques it  
was concluded that air bubbles larger than 50 µm are  present in the 
(U)HPC mixtures. Furthermore, a clear decrease in the amount of air  
voids by vacuum mixing was recorded for all  UHPC mixtures. For some 
the standard deviation of  the measurement was even decreased, this 
was however not a general observation.  In case of air entrainment, air  
bubbles of 80 µm become dominant in the mixture from a dosage of 
0.66%AEA of the cement mass. Besides this it was proven that the 95 t h  
percenti le of the paste -void distribution determined by computed 
tomography (3D-spacing factor)  is a more re liable measurement of the 
air void spacing than the two dimensional spacing factor determined by 
an air void analysis .  Next,  the results of the environmental scanning 
electron microscope showed that the inf luence of vacuum mixing is 
limited to the air bubbles,  Table 4- 1 . Apparently , the reduction of the 
pressure in the mixing pan to 50 mbar does not  evaporate water.  
Consequently it  does not change the amount of capillary pores in the 
UHPC mixture . The effect of a heat treatment was demonstrated with 
water vapor isotherms. From literature it  is know n that this technique 
leads to a better packing of the low density CSH and fills up the larger 
gel pores with nano-CH crystals in UHPC mixtures. This is seen in Figure 
4- 76 where a smaller critical pore diameter compared to non heat 
treated specimens was registered.  
Finally it was tried to combine the data of computed tomography, 
environmental scanning electron microscopy  and water vapor isotherms 
to compare with the results of mercury intrusion porosimetry  and to 
check the overal  effect of vacuum mixing and a heat treatment . It was 
confirmed that the curve of the MIP is shifted to smaller pore sizes 
compared with the combined curv e and that vacuum mixing mainly 
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influences the air bubbles in UHPC, while a heat treatment influences 
the gel porosity . Furthermore, all the pore characterization techniques 
have their drawbacks and a perfect technique does not exists.  
7.4. How does air affect the macroscopic properties? 
The change in pore  structure by techniques discussed in § 7.3 will have 
an influence on the mechanical performance an d the fresh properties of  
(U)HPC. This is  the subject of  CHAPTER 5 and CHAPTER 6 . In the first  
chapter it was shown that vacuum mixing increases the compressive 
strength, the splitting and bending tensile strength and the Young’s 
modulus. However, i t did not ha ve any effect on the standard deviation 
of these tests . For the compressive strength it was  not possible to fully  
replace the increase of a heat treatment by mixing the sam e mixtures 
under a reduced air pressure . The technique could however be a  
possible alternative for the bending tensile strength and the Young’s 
modulus. The increase in compressive strength due to vacuum mixing 
correlates well with the incre ase in solid concentration and is strongly 
depending on the strength level obtained under atmospheric conditions .  
The total air content in the fai lure surface plane gave a statisfying 
correlation with the tensile strength. In order to upscale the technique 
to larger concrete volumes a longer  vacuum time will be necessary to 
obtain the same air con tent reduction in the specimens, however more 
research is necessary before this is possible . By applying both a heat 
curing under steam (90°C) and air (250°C) together with the stitching 
effect of small fibers and vacuum mixing the author was able to obtain a  
maximal compressive strength of 347 MPa on one cube.  Conversely, the 
mechanical performance decreased significantly by increasing the 
amount of air entraining agent.  
Finally, i t has to be remarked that the high mechanical perform ance has 
to be accompagnied with a good quality control of the characteristics of  
the raw materials, the mixing & compaction process  and the curing 
conditions. If  not, fluctuations in compressive strength as mentioned in 
the discussion under Figure 5- 4 will occur and lead to a characteristic  
strength that is much lower  due to a  higher standard deviation . If  the 
quality can be guaranteed ultra -high performance mortar can be applied 
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in specific applications as offsho re constructions, the machinery 
industry, bridge deck repairs, dri ll heads, protection of military 
facilities, nuclear plants or high rise buildings or even slender 
staircases and garden furniture.  
In CHAPTER 6 the inf luence of entrapped and entrained air on the 
workability and rheology of cementitious materials is investigated. Due 
to the early age of testing the air bubbles in self -compacting mortar and 
paste had no time to escape from the bulk of the fresh spe cimen. 
Moreover, no vibration energy is applied to a traditional vibrated 
mortar or paste. Consequently, the effect of air bubbles is investigated 
for three technologies (TVM, SCM, UHPC) and two levels (paste & 
mortar). In case of firm mixtures, a capillar y number higher than one is 
observed. The addition of  air leads in this case to an increase of  the 
fluidity . Workability and rheological tests on ultra -high performance 
mortar and traditional vibrated mortar confirmed this. In contrast, a  
capillary number lower than one is obtained for f luid mixtures. Giving 
rise to a decrease in f luidity as the air content is increased.  This 
tendency was noticed for self -compacting mortar and the pastes tested 
in this study. Furthermore, controlling the amount of entrapped  air by 
vacuum mixing lowers the plastic viscosity  of SCM. It was also shown 
that the entrained air bubbles are the origin of  the higher plastic  
viscosity in case of self -compacting mortar and not the polymer itself .   
As a general rule, one-to-one correlations between rheological and 
workability parameters are diffi cult to find . It is the author ’s opinion 
that the rheological parameters should be determined based on the 
properties of the raw materials, espescially as a fully automated 
concrete plant is the future where the concrete industry is heading to.  
In this case the fluctuations that air bubbles introduce should be 
eliminated as much as possible by for example vacuum mixing. This will  
lead to a better prediction of the real packing density, one of the crucial  
parameters used in formula s to determine the rheological parameters 
based on raw material properties.  
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7.5. Perspectives for future research 
This work comprises mainly tests on a  5 liter capacity  vacuum mixer. In 
order to upscale the technique the prolon ged mixing time should be 
weighted against the increase in mechanical performance. Nevertheless,  
if  a fully automated concrete plant is  the future, vacuum mixing is a first  
way in controlling the air inlet over the whole system. In this line of  
thought it would be interesting to investigate the possibility to mould 
concrete specimens under vacuum. This would lead to a better 
prediction of the properties of all concrete types.  
A disadvantage often accompagnied with  ultra-high performance mortar 
is the higher cost compared with other types. This is however not a 
correct comparison.  UHPC can be an alternative for traditional repair 
solutions (Piotrowski , S .,  2012), (Habert, G. ,  2013) . It is the author ’s 
opinion that an UHPC solution should be taken into account  in the life  
cycle cost analysis for constructions buil t with a long life cycle.  The use 
will decrease the maintenance and repair costs during the life cycle ,  
furthermore less material is necessary to build the same construction.  A 
good example is given in  (Habert, G. ,  2013), where the impact of traffic  
deviation due to the bridge closure was decisive in the choice. In the 
case of UHPC less material had to be removed from the bridge deck 
leading to a reduced bridge interruption ( 1 month instead of 3  months)  
which was accompagnied with less CO 2  emission.  
Besides the fact that UHPC can be a good alternative for repair 
solutions, it creates possibilities to be used multidisciplinary. Due to its 
high performance, concrete technologists should not only focus on 
applications in the construction industry but also see possibilities in the 
machinery industry (machine beds, dril l heads, …), the offshore industry 
(replacement of steel connections, the foundations pilers,… ) or as the  
basic component for 3D-printing.  This material creates a lot of  new 
possibilities and encourages designers, architects, contractors and 
researchers to think out of the box with a material that is used very 
traditionally.  
The knowledge obtained during the full optimization of UHPC should 
also be applied to other cementitious materials. The determination of  
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the maximal packing density of aggregates and powders in traditional 
vibrated or self -compacting concrete will lead to more excess water and 
thus a higher workability. If  the latter is not n ecessary the water 
content can be reduced which give s rise to a  higher strength. If  a  fixed 
strength class is prescribed, the cement content can be reduced and a 
more ecological  concrete is obtained with the same properties as the 
reference concrete , Figure 7- 2 (Fennis, S .A.A.M., 2011).  
 
Figure 7- 2: Cyclic design procedure for ecological concrete (Fennis, S.A.A.M., 2011). 
Besides this, the knowledge of the packing density based on the 
properties of the raw materials is a fundamental parameter to 
determine a priori the properties of  fresh and hardened cementitious 
materials. For hardened properties an acceptable fit  between model and 
experiments can be obtained with the compressi ble packing model. For 
fresh properties the packing density is able to predict the yield stress 
well in case this parameter is governed by the frictional interaction 
between the solid skeleton. In case the fluidity is more determined by 
the paste rheology and hydrodynamic effects some information is 
lacking. A good summary of the current knowledge can be found in 
(Flatt , R .J . ,  2004). In this work the yield stress is  related to the 
maximum packing density, the particle size distribution, the volume 
mean particle size and the interparticle force. However in order to 
predict the paste rheology some information is sti l l needed. Equations 
relating the maximum packing density  of different powders to the 
interparticle forces are  missing,  especially  of  systems with an 
incomplete surface coverage of PCE  (Kjeldsen,  A.M., 2007) .  
Furthermore, a  representative particle size distribution has to be 
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determined. Until  know, this is mostly measured by an indirect wet 
laser diffraction technique during which physical and chemical changes 
of the particles are blocked. However, during rheology tests  dissolution 
and precipitation of the cement will occur, besides this the particles will  
form f locs.  Consequently,  the obtained particle size distribution is not 
very representative for the sytem under investigation.  Therefore,  
research in order to obtain a better understanding on the agglomeration 
of particles and on the principles of dissolution and precipitation of the 
cement particles and the influence of PCE on it ,  should be stimulated in 
order to predict the rheology of cementitious material s a priori .  
Concerning the pore size characterization it is important to minimize 
the inf luence of preparation techniques. The drying of specimens and 
the intrusion of media should be prevented if  possib le. In this contex t 
techniques as microfocus  & synchrotron X-ray CT-scans and multi -scale 
imaging but also FIB -nanotomography are interesting tools to quantify a 
correct pore size distribution, the connectivity of  the pore s and the 
tortuosity of the pathwa ys.  The main challenge will be to find a good 
balance between the sample size and  the voxel size . Of course not every 
laboratory is equipped with such advanced technologies. In this case the 
possibilities of mathematical concepts as the multifractal proper ty of  
the pore structure should be explored more in detail.  This information 
will lead to a more accurate  prediction of the permeability and to a  
better estimation of the ingress of  chemical agents, the freeze-thaw 
resistance and the aging effect of nuclea r radiation. Furthermore, this 
will imply a strong cooperation between civil engineers, geologists and 
physicists .  
Finally, an interesting research program could be the modelling of the 
mixing process and how air gets entrapped and is stabilized in the 
mortar during this process.  Furthermore, to obtain a capillary number 
that is  more reliable , a pore size distribution of  the fresh mixture is an 
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APPENDIX A: MATERIAL PROPERTIES 
A.1 Properties of the cement 
At the moment the inf luence of the different cement types was tested,  
the wet measuring unit of the laser  diffraction meter was not yet 
available . Therefore, a  dry measurement was performed. After the 
selection of  cement C4 as most appropriate cement type for the ultra -
high performance mortar ,  a second measurement in the wet measuring 
unit was performed with Isopropanol.  
 
Figure A- 1: Particle size distribution of the different cements tested in this project. 
From Figure A- 1 it is  clear that the particle size distributions (PSD) of  
the different cement types are very close to each other.  C2 and C5 have 
the coarsest PSD as they we re a CEM I 42.5 N instead of a CEM I 52.5 N 

































the PSD of C4 measured with the dry or wet unit. For the wet 
measurement in Isopropanol a less broader distribution is registered as 
for the dry measurement.  
A.2 Properties of the silica fume 
The particle  size distribution of  the densified si lica fume (DSF),  the 
undensified si lica fume (USF) and the white si l ica fume (WSF) is 
determined with two different techniques. Both techniques are based on 
laser technology. In Figure A- 2, the results of a laser  diffraction meter 
are represented, this technique determines the size of the particles 
based on their refraction pattern. In this project a  Mastersizer 2000E 
(Malvern Instruments,  Malvern, UK; 633 nm red laser) with a Hydro 
2000SM wet unit (50 - 120 ml) and a measuring range from 0.1 µm to 
1000 µm is used. For each solution one liter of  dispersant was mixed 
with 20 g of silica fume. Then the solution was put i n an ultrasonic bath 
(35 kHz, 320 W) for 5 minutes to de -agglomerate the particles.  In case 
of superplasticizer, the solution of distil led water, si lica fume and 
superplasticizer (10% solids wt. of si lica fume) was sonificated a second 
time after the addit ion of the superplasticizer.  After this, some drops of  
the solution were added to the Hydro 2000SM (fil led with 90 ml of  
dispersant) unti l  the obscuration limit was between 12% and 15%. 
During the tests, the stirrer rate was held constant at 2000 rpm.  
 





























Figure A-  3 gives the particle size distribution of the different si lica  
fume types, measured with a Zetasiezer Nano ZS. based on the 
principles of dynamic light scattering. This technique measures the 
Brownian motion of the particles and relates this to the size of the 
particles by using the Stokes-Einstein equation (Malvern instruments,  
2012). The measuring range is 0 .3 nm to 10 µm. The concentration was 
10 times lower compared to the measurements with the laser  diffraction 
meter in order to obtain a  valid measurement. Consequently, a solution 
of 40 mg si lica fume and 20 ml disti lled water was prepa red with a  
superplasticizer content of 10% solids wt. of  silica fume. The 
sonification procedure was similar as for the laser diffraction. Due to a  
fast segregation of the larger particles, mainly the primary 
agglomerates are measured with this technique.  
 
Figure A- 3: Particle size distribution of DSF, USF and WSF with a Zetasizer nano ZS. 
In order to check the indirect measuring techniques based on light 
scattering theories, SEM images of the different silica fume particles in  






























Figure A- 4: SEM image of WSF particles. 
 
Figure A- 5: SEM image of USF particles. 
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Figure A- 6: SEM image of DSF particles. 
From these figures it  is seen that the Zetasizer nano ZS can measure the 
primary agglomerates reasonably well.  Of course the question stays,  
how well the mixing process is able to disperse the secondary 
agglomerates. In the end, a mixture of primary and secondary 
agglomerates will be present in the fresh mixture.  Know ing the 
proportion of both is rather difficult . A possibility could be to make a  
mixture of silica fume, CaCl 2  and PCE and to determine the PSD after 
mixing with similar advanced techniques as for cement f locculation su ch 
as combined cryo-Focused-Ion-Beam sectioning and high resolution 




A.3 Roll bearing effect of silica fume 
As explained in §3.4 the form of the particles in UHPC will in some cases 
lead to a lowered flow resistance, Figure A- 7. In §3.4 the roll bearing 
effect of the different sil ica fumes is discussed. Figure A-  7 serves to 
stress the existence of the roll bearing effect by comparing the form o f  
the si lica fume particles with other particles and their form.  
 
 
Figure A- 7: Visualization of the form of different particles, silica fume (A) and fly ash (B) 





A.4 Properties of the polycarboxylate ethers (PCE) 
The superplasticizers used in this project, were commercial available  
and delivered by two companies. Therefore, no information was given 
on the molecular structure of the p olycarboxylate ether (type of  
backbone, number and length of the side chains, density charge of the 
PCE, molecular weight) . The information that was given, is summarized 
in Table A- 1  
Table A- 1: Characterization of the polycarboxylate ethers used in this thesis. 
 SP1 SP2 SP3 SP4 SP5 
ρ [g/l]  1100 1080 1090 1100 1090 
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A.5 Properties of the aggregates 
The particle size distribution (PSD) of the different aggregates used in 
this thesis are given in Figure A- 8  and determined by sieving according 
to NBN EN 933-1. The distribution of the quartz sand is determined by a  
laser diffraction meter with a dry unit . The form and surface texture can 
be evaluated based on Figure A- 9. The density, determined according to 
NBN EN 1097-6, and the chemical composition of all the aggregates 
except gravel 2/4 can be found in Table A- 2.  
 
Figure A- 8: Particle size distribution of the different aggregates used in this thesis. 











SiO 2  [%] 64.83 44.58 5.50 0.90 99.5 
Fe 2O 3  [%] 5.74 4.30 1.70 0.10 0.04 
Al2O 3  [%] 14.93 11.50 88.00 95.50  0.20 
CaO [%] 2.99 10.77 0.25 0.19 0.01 
MgO [%] 2.87 12.98 0.15 0.25 / 
Na 2O [%] 2.50 2.11 0.00 0.02 / 
K2O [%] 2.36 0.65 0.20 0.09 0.03 
SO 3  [%] 0.45 / / / / 
TiO 2  [%] 0.68 2.37 3.50 2.70 0.03 
P2O 5  0.12 0.70 / / / 
Mn2O 3  0.10 / / / / 
LOI [%] 2.41 0.88 0.10 / 0.15 


































Figure A- 9: Image of the surface texture and form of the different aggregates used in 
this thesis. A: Bauxite 1/3; B: Basalt 2/4; C: Porphyry 2/4; D: Korund 1.4/2; E: Gravel 






A.6 Properties of the quartz filler 
The particle size distribution of the d ifferent quartz fillers used in this 
project is given in Figure A- 10. For all the fi llers the PSD was 
determined with a dry unit.  In case of M400 and M800 also the wet PSD 
was measured. Apparently , the wet measuri ng technique in Isopropanol 
is beneficial for very fine powders as M800. For coarser particles as 
M400 and the cement, Figure A- 1, this is not necessarily true. For these 
powders a coarser PSD was obtained with th e wet measuring technique.  
Of course this difference can also be caused by a different batch of  
quartz fil ler .  
 
Figure A- 10: Particle size distribution of the quartz filler used in the mixture of  
Table 3-6.  
The chemical composition and the density of  the dif ferent quartz fi l lers 
are summarized in Table A- 3. The density was determined similar as 
(Hunger,  M., 2010). It was measured in a small  bucket with a volume of  
100 ml. This was fi lled almost full ,  which means for M400 a mass of 70 
g. Next, it was placed in a vacuum desiccator to remove the air out of  
the interstices of the fil ler . After 30 minutes of vacuum (186 mbar), the 
bucket was fi lled with Isopropanol under vacuum. This assur ed a  good 
filling of all the holes between the particles. After the main fi lling 
process, the bucket was removed out of the vacuum chamber and the 
































Isopropanol by a syringe through the s mall hole in the cover of the 







Where, m0  is the empty mass of the pycnometer,  m 1  the pycnometer 
filled with the sample, m 2  the pycnometer with the sample being 
completely fil led with the test liquid, V p y c  the exact volume of the 
pycnometer and ρ l i q  the density of the test liquid at the test 
temperature. The specific gravity of  the powder can be computed based 
on Archimedes principle .  
Table A- 3: Chemical composition and density of the different quartz fillers used in this 
project. 
 D6 M400 M500 M800 
SiO 2  [%] 99.4 99.5 99.2 99.0 
Fe 2O 3  [%] 0.03 0.03 0.05 0.01 
Al2O 3  [%] 0.10 0.20 0.40 0.80 
CaO [%] 2.99 0.02 0.02 0.02 
K2O [%] / 0.05 0.05 0.05 
TiO 2  [%] 0.07 0.03 0.03 0.03 
LOI [%] 0.15 0.12 0.3 0.3 
ρ  [kg/m³]  2650 2663 2672 2647 
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APPENDIX B: Mercury intrusion porosimetry 
In Table B-1 to Table B-6 all the data is included. In order to have clear 
figures, only the first measurement is visualized. No information is lost 
as a good repeatability between both measurements is obtained, which 
can be seen in Table B- 1 to Table B- 6 and in §4.4.4.  
 Table B- 1: The total porosity [%] of the (U)HPC mixtures determined by mercury intrusion porosimetry. 
  
WITHOUT HEAT TREATMENT WITH HEAT TREATMENT 
  
NON VACUUM VACUUM NON VACUUM VACUUM 
  
7d 21d 28d 91d 7d 21d 28d 91d 7d 21d 28d 91d 7d 21d 28d 91d 
MIX1 result 1 5.71 6.82 4.14 4.20 6.40 4.38 2.40 1.85 2.12 1.89 2.29 2.04 1.11 0.82 1.07 1.06 
 
result 2 6.89 6.69 4.55 4.74 5.66 4.50 2.79 2.31 2.21 1.90 1.91 2.05 0.86 0.81 1.05 0.82 
 
mean 6.30 6.76 4.35 4.47 6.03 4.44 2.60 2.08 2.16 1.89 2.10 2.05 0.98 0.82 1.06 0.94 
MIX2 result 1 5.89 4.22 2.94 2.99 5.20 3.00 1.81 2.75 1.91 2.03 2.01 2.04 1.10 0.93 1.01 1.26 
 
result 2 6.36 4.54 2.93 3.22 5.22 3.04 1.80 2.05 1.90 1.99 2.32 1.92 0.67 0.70 0.92 0.75 
 
mean 6.13 4.38 2.94 3.11 5.21 3.02 1.80 2.40 1.90 2.01 2.17 1.98 0.89 0.82 0.97 1.01 
MIX5 result 1 6.28 4.73 3.77 / 4.90 2.08 2.68 /         
 
result 2 6.50 4.04 / / 5.21 2.32 2.69 /         
 
mean 6.39 4.39 3.77 / 5.06 2.20 2.68 /         
PREMIX result 1 8.98 6.63 5.30 5.61 7.14 4.84 4.52 3.96         
 
result 2 8.87 7.44 6.40 5.15 7.00 5.23 4.80 3.83         
 




0.00%AEA 0.11%AEA 0.22%AEA 0.44%AEA 0.66%AEA 1.25%AEA 2.50%AEA 
HPC result 1 7.53 9.91 13.97 16.21 16.28 21.35 22.63 
 result 2 7.28 10.97 15.68 17.94 23.89 20.90 20.39 
 mean 7.40 10.44 14.83 17.07 20.09 21.12 21.51 
 Table B- 2: Pore surface area [m²/g] of the (U)HPC mixtures determined by mercury intrusion porosimetry. 
  
WITHOUT HEAT TREATMENT WITH HEAT TREATMENT 
  
NON VACUUM VACUUM NON VACUUM VACUUM 
  
7d 21d 28d 91d 7d 21d 28d 91d 7d 21d 28d 91d 7d 21d 28d 91d 
MIX1 result 1 6.20 5.44 2.37 2.90 6.27 4.47 2.07 1.35 1.34 1.21 1.34 1.10 0.55 0.55 0.54 0.458 
 
result 2 7.93 5.60 2.81 2.99 5.24 4.57 2.36 1.62 1.04 0.97 0.97 0.89 0.38 0.49 0.55 0.538 
 
mean 7.07 5.52 2.59 2.95 5.76 4.52 2.22 1.49 1.19 1.09 1.16 0.99 0.46 0.52 0.54 0.50 
MIX2 result 1 3.91 2.77 1.84 2.25 4.00 2.38 1.42 2.08 1.16 1.03 0.79 1.00 0.48 0.47 0.66 0.53 
 
result 2 4.13 3.10 1.96 2.19 3.92 2.45 1.69 1.50 1.18 1.26 1.25 1.24 0.39 0.40 0.67 0.41 
 
mean 4.02 2.93 1.90 2.22 3.96 2.42 1.55 1.79 1.17 1.14 1.02 1.12 0.44 0.44 0.66 0.47 
MIX5 result 1 3.54 1.56 / / 3.55 1.13 1.47 /         
 
result 2 3.72 1.48 1.28 / 3.76 1.10 1.11 /         
 
mean 3.63 1.52 1.28 / 3.66 1.12 1.29 /         
PREMIX result 1 4.15 2.34 1.24 0.54 3.90 1.90 0.88 0.47         
 
result 2 4.15 2.63 1.44 0.64 3.90 2.16 1.07 0.62         
 




0.00%AEA 0.11%AEA 0.22%AEA 0.44%AEA 0.66%AEA 1.25%AEA 2.50%AEA 
HPC result 1 5.97 6.29 7.48 7.46 6.59 10.44 11.45 
 result 2 5.09 6.78 7.00 7.19 8.86 10.04 10.28 
 mean 5.53 6.54 7.24 7.32 7.73 10.24 10.87 
 Table B- 3: Fractal dimension D1 [-] of the gel pores in (U)HPC mixtures determined by mercury intrusion porosimetry. 
  
WITHOUT HEAT TREATMENT WITH HEAT TREATMENT 
  
NON VACUUM VACUUM NON VACUUM VACUUM 
  
7d 21d 28d 91d 7d 21d 28d 91d 7d 21d 28d 91d 7d 21d 28d 91d 
MIX1 result 1 0.128 0.393 0.252 0.262 0.317 0.234 0.225 0.266 0.495 0.580 0.491 0.637 0.515 0.517 0.578 0.666 
 
result 2 0.356 0.278 0.394 0.281 0.359 0.233 0.235 0.283 0.607 0.548 0.652 0.537 0.682 0.686 0.634 0.555 
 
mean 0.242 0.336 0.323 0.272 0.338 0.234 0.230 0.274 0.551 0.564 0.571 0.587 0.598 0.602 0.606 0.611 
MIX2 result 1 0.562 0.456 0.449 0.486 0.485 0.419 0.391 0.253 0.816 0.796 0.797 0.793 0.863 0.892 0.773 0.838 
 
result 2 0.485 0.580 0.498 0.498 0.420 0.403 0.343 0.422 0.849 0.800 0.824 0.800 0.859 0.825 0.900 0.879 
 
mean 0.524 0.518 0.473 0.492 0.452 0.411 0.367 0.337 0.833 0.798 0.810 0.797 0.861 0.859 0.837 0.859 
MIX5 result 1 0.771 1.239 / / 1.018 1.379 1.317 /         
 
result 2 0.822 1.289 1.286 
 
1.029 1.360 1.367 /         
 
mean 0.797 1.264 1.286 / 1.023 1.369 1.342 /         
PREMIX result 1 0.635 0.979 1.330 1.482 0.780 0.888 1.213 1.544         
 
result 2 0.681 0.879 1.352 1.472 0.833 0.926 1.222 1.525         
 




0.00%AEA 0.11%AEA 0.22%AEA 0.44%AEA 0.66%AEA 1.25%AEA 2.50%AEA 
HPC result 1 0.858 0.873 1.012 0.942 1.229 1.017 0.978 
 result 2 0.915 0.912 1.079 0.977 1.172 1.073 0.987 
 mean 0.886 0.893 1.045 0.960 1.200 1.045 0.982 
 Table B- 4: Fractal dimension D2 [-] of the capillary pores in (U)HPC mixtures determined by mercury intrusion porosimetry. 
  
WITHOUT HEAT TREATMENT WITH HEAT TREATMENT 
  
NON VACUUM VACUUM NON VACUUM VACUUM 
  
7d 21d 28d 91d 7d 21d 28d 91d 7d 21d 28d 91d 7d 21d 28d 91d 
MIX1 result 1 2.906 2.868 2.775 2.794 2.968 2.940 2.871 2.843 2.767 2.811 2.829 2.804 2.810 2.842 2.815 2.808 
 
result 2 2.930 2.875 2.798 2.805 2.964 2.929 2.878 2.837 2.773 2.779 2.762 2.760 2.783 2.839 2.797 2.840 
 
mean 2.918 2.871 2.787 2.799 2.966 2.934 2.875 2.840 2.770 2.795 2.796 2.782 2.796 2.841 2.806 2.824 
MIX2 result 1 2.885 2.839 2.817 2.861 2.918 2.898 2.876 2.871 2.825 2.794 2.775 2.797 2.750 2.801 2.850 2.744 
 
result 2 2.877 2.843 2.836 2.851 2.912 2.896 2.887 2.862 2.827 2.837 2.795 2.846 2.846 2.847 2.830 2.861 
 
mean 2.881 2.841 2.827 2.856 2.915 2.897 2.881 2.867 2.826 2.816 2.785 2.822 2.798 2.824 2.840 2.802 
MIX5 result 1 2.832 2.740 / / 2.893 2.816 2.823 /         
 
result 2 2.835 2.752 2.745 / 2.883 2.783 2.794 /         
 
mean 2.833 2.746 2.745 / 2.888 2.800 2.808 /         
PREMIX result 1 2.849 2.737 2.645 2.434 2.860 2.762 2.568 2.493         
 
result 2 2.850 2.756 2.633 2.424 2.867 2.761 2.597 2.501         
 




0.00%AEA 0.11%AEA 0.22%AEA 0.44%AEA 0.66%AEA 1.25%AEA 2.50%AEA 
HPC result 1 2.987 2.982 2.970 2.983 2.983 2.990 2.989 
 result 2 2.984 2.983 2.983 2.985 2.990 2.991 2.990 
 mean 2.985 2.982 2.976 2.984 2.986 2.990 2.990 
 Table B- 5: Retention factor [%] of the (U)HPC mixtures determined by mercury intrusion porosimetry. 
  
WITHOUT HEAT TREATMENT WITH HEAT TREATMENT 
  
NON VACUUM VACUUM NON VACUUM VACUUM 
  
7d 21d 28d 91d 7d 21d 28d 91d 7d 21d 28d 91d 7d 21d 28d 91d 
MIX1 result 1 / 87.73 84.04 82.43 73.79 78.13 68.12 59.20 66.77 63.35 65.24 67.90 38.22 38.86 38.86 38.26 
 
result 2 88.32 85.25 84.33 81.29 72.25 76.18 67.81 57.32 75.54 57.07 68.65 62.79 27.39 14.96 35.03 15.94 
 
mean 88.32 86.49 84.18 81.86 73.02 77.15 67.96 58.26 71.16 60.21 66.94 65.35 32.81 26.91 36.95 27.10 
MIX2 result 1 72.39 75.77 78.22 77.92 71.90 77.03 57.84 76.07 73.58 74.45 77.78 68.46 49.67 53.12 46.53 54.63 
 
result 2 75.15 75.47 73.20 79.80 71.69 73.20 66.41 69.77 71.46 76.98 73.70 41.47 28.41 36.24 45.09 43.69 
 
mean 73.77 75.62 75.71 78.86 71.79 75.11 62.13 72.92 72.52 75.71 75.74 54.96 39.04 44.68 45.81 49.16 
MIX5 result 1 75.61 73.05 / / 68.13 47.03 59.27 /         
 
result 2 75.59 68.49 60.37 / 68.99 53.82 61.79 /         
 
mean 75.60 70.77 60.37 / 68.56 50.43 60.53 /         
PREMIX result 1 73.37 85.13 87.51 91.15 73.00 81.27 88.16 85.95         
 
result 2 74.49 87.02 87.84 90.95 72.11 82.26 89.58 84.91         
 




0.00%AEA 0.11%AEA 0.22%AEA 0.44%AEA 0.66%AEA 1.25%AEA 2.50%AEA 
HPC result 1 50.80 64.82 70.77 76.45 78.71 80.78 82.93 
 result 2 50.65 65.13 70.11 76.22 78.65 81.65 82.76 
 mean 50.72 64.98 70.44 76.33 78.68 81.21 82.85 
 Table B- 6: Threshold diameter [nm] of the (U)HPC mixture determined by mercury intrusion porosimetry. 
  
WITHOUT HEAT TREATMENT WITH HEAT TREATMENT 
  
NON VACUUM VACUUM NON VACUUM VACUUM 
  
7d 21d 28d 91d 7d 21d 28d 91d 7d 21d 28d 91d 7d 21d 28d 91d 
MIX1 result 1 15.8 19.1 12.5 11.9 23.3 21.3 16.4 13.8 7.40 7.40 7.40 7.40 7.40 7.40 7.40 7.40 
 
result 2 17.7 20.1 12.7 14.3 22.8 21.5 14.6 15.8 7.40 7.40 7.40 7.40 7.40 7.40 7.40 7.40 
 
mean 16.7 19.6 12.6 13.1 23.1 21.4 15.5 14.8 7.40 7.40 7.40 7.40 7.40 7.40 7.40 7.40 
MIX2 result 1 32.9 27.0 14.8 14.5 29.3 18.9 11.7 15.5 7.40 7.40 7.40 7.40 7.40 7.40 7.40 7.40 
 
result 2 31.1 26.6 12.9 14.8 29.5 20.0 10.6 16.9 7.40 7.40 7.40 7.40 7.40 7.40 7.40 7.40 
 
mean 32.0 26.8 13.8 14.7 29.4 19.5 11.1 16.2 7.40 7.40 7.40 7.40 7.40 7.40 7.40 7.40 
MIX5 result 1 54.4 7.40 7.40 / 53.7 7.40 7.40 /         
 
result 2 54.2 7.40 7.40 / 57.2 7.40 7.40 /         
 
mean 54.3 7.40 7.40 / 55.5 7.40 7.40 /         
PREMIX result 1 27.0 20.8 18.2 7.40 24.9 19.9 15.9 7.40         
 
result 2 25.5 22.6 19.0 7.40 26.4 21.2 12.8 7.40         
 




0.00%AEA 0.11%AEA 0.22%AEA 0.44%AEA 0.66%AEA 1.25%AEA 2.50%AEA 
HPC result 1 31.0 32.6 37.9 40.2 2485 1630 2069 
 result 2 33.8 337 39.7 40.4 2967 2058 2776 
 mean 32.4 33.1 38.8 40.3 2726 1844 2422 
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Figure B- 1: Cumulative intrusion and extrusion curve of MIX1 at 7 days, made under 
different mixing and curing conditions. 
 
 
Figure B- 2: Pore distribution function of MIX1 at 7 days, made under different mixing 





















































Figure B- 3: Cumulative intrusion and extrusion curve of MIX1 at 21 days, made under 
different mixing and curing conditions. 
 
 
Figure B- 4: Pore distribution function of MIX1 at 21 days, made under different mixing 




















































Figure B- 5: Cumulative intrusion and extrusion curve of MIX1 at 28 days, made under 
different mixing and curing conditions. 
 
 
Figure B- 6: Pore distribution function of MIX1 at 28 days, made under different mixing 
















































Figure B- 7: Cumulative intrusion and extrusion curve of MIX1 at 91 days, made under 
different mixing and curing conditions. 
 
 
Figure B- 8: Pore distribution function of MIX1 at 91 days, made under different mixing 















































Figure B- 9: Cumulative intrusion and extrusion curve of MIX2 at 7 days, made under 
different mixing and curing conditions. 
 
 
Figure B- 10: Pore distribution function of MIX2 at 7 days, made under different mixing 



















































Figure B- 11: Cumulative intrusion and extrusion curve of MIX2 at 21 days, made under 
different mixing and curing conditions. 
 
 
Figure B- 12: Pore distribution function of MIX2 at 21 days, made under different mixing 



















































Figure B- 13: Cumulative intrusion and extrusion curve of MIX2 at 28 days, made under 
different mixing and curing conditions. 
 
 
Figure B- 14: Pore distribution function of MIX2 at 28 days, made under different mixing 















































Figure B- 15: Cumulative intrusion and extrusion curve of MIX2 at 91 days, made under 
different mixing and curing conditions. 
 
 
Figure B- 16: Pore distribution function of MIX2 at 91 days, made under different mixing 













































Figure B- 17: Cumulative intrusion and extrusion curve of MIX5 at 7 days, made under 
different mixing conditions. 
 
 













































Figure B- 19: Cumulative intrusion and extrusion curve of MIX5 at 21 days, made under 
different mixing conditions. 
 
 













































Figure B- 21: Cumulative intrusion and extrusion curve of MIX5 at 28 days, made under 
different mixing conditions. 
 
 














































Figure B- 23: Cumulative intrusion and extrusion curve of the premix at 7 days, made 
under different mixing conditions. 
 
 

















































Figure B- 25: Cumulative intrusion and extrusion curve of the premix at 21 days, made 
under different mixing conditions. 
 
 














































Figure B- 27: Cumulative intrusion and extrusion curve of the premix at 28 days, made 
under different mixing conditions. 
 
 













































Figure B- 29: Cumulative intrusion and extrusion curve of the premix at 91 days, made 
under different mixing conditions. 
 
 


















































Figure B- 31: Cumulative intrusion and extrusion curve of the HPC mixture with different 
dosages of air entrainment at 28 days. 
 
 
Figure B- 32: Pore distribution function of the HPC mixture with different dosages of air 




















































APPENDIX C: Sorption isotherms 
In this appendix the water vapor and nitrogen sorption isotherms are 
summarized. In case of nitrogen only one measurement was performed 
compared to two measurement in case of  water vapor. Due to the long 
equilibration times for water vapo r sorption isotherms, less data points 
were collected compared to the nitrogen sorption isotherms.  
 
Figure C- 1: Water vapor sorption isotherm for MIX1-NV at an age of 1 year (2 cycles). 
 



















































Figure C- 3: Nitrogen sorption isotherms for MIX1-NV at an age of 1 year (1 cycle). 
 
 
















































Figure C- 5: Nitrogen sorption isotherms for MIX2-NV at an age of 1 year (1 cycle). 
 
 









































































APPENDIX D: Mix design MIX1 & MIX2 with fibers 
In Table D- 1 the mix design of UHPC mixtures MIX1 and MIX2 are 
summarized with the  incorporation of fibers (2.36% -vol.) .  For the tests 
a cocktail of fibers was used by combining type OL6/.16 with type 
RL45/30BN. Furthermore,  no measurement o f the workability and fresh 
air content were performed. The water -to-binder factor of MIX2-fiber 
was slightly higher than the reference MIX2. 








**Water compensated for water present in superplasticizer; 
  
(kg/m³) MIX1-fiber MIX2-fiber 
Cement C4 703 607 
DSF 221 190 
Quartz Sand 0/0.5 mm  967 415 
Basalt 0/4 mm / 835 
Quartz Filler M400 176 152 
PCE 1* 27 26 
Water** 171 160 
Fibers 184 184 
OL 6/.16 92 92 
RL45/30BN 92 92 
Vol.% fibers 2.36 2.36 
W/B 0.185 0.200 
C/A 0.73 0.49 
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